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SUMMARY 
Glaucoma is the leading cause of irreversible blindness and is characterized by the 
dysfunction of retinal ganglion cells (RGC), the cells that send vision information from the 
retina to the brain. All current therapies focus on lowering intraocular pressure (IOP), a 
causative risk factor in the disease. However, they are not always effective. Although it is 
well-accepted that elevated IOP-induced biomechanical insult to the optic nerve head 
(ONH), the region in the posterior eye where RGC axons exit, is key to glaucoma 
pathophysiology, the mechanisms by which biomechanical insult leads to RGC death are 
unknown. Rat glaucoma models present an opportunity for understanding glaucoma 
biomechanics and are widely used in the field. However, rat ONH biomechanics have not 
been characterized and rat ONH anatomy differs substantially from the human. 
Therefore, the purpose of this thesis was to provide the first characterization of rat 
ONH biomechanics to the glaucoma field. To this end, we completed three specific aims. 
First, we used inverse modeling combined with whole-eye inflation testing to extract 
material properties from the rat sclera. Second, we conducted a sensitivity study to 
investigate the effects of anatomical and material property variation on rat ONH strains 
using a parameterized finite element model of the rat ONH. Lastly, we developed a 
methodology for building rat ONH FE models with individual-specific geometry and 
simulated the effects of elevated IOP. Key results include the finding that the patterns of 
strain in the rat ONH are less symmetric than those in the human, and the highest strains 
occur in the inferior nerve. In all three aims, the results emphasized the importance of 
collagen fiber organization on optic nerve strains. Lastly, the patterns and magnitude of 
optic nerve strain in the parameterized model showed good concordance with those 
observed in the individual-specific models, suggesting that the higher throughput 
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parameterized models may be able to replace individual-specific models of the rat ONH 
moving forward. The results from this work can serve to inform future modeling studies on 
rat ONH biomechanics, and provide context for interpreting rat glaucoma studies with the 
goal of learning more about the link between biomechanical insult and RGC 
pathophysiology in glaucoma. 
. 
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CHAPTER 1. INTRODUCTION 
The purpose of this this thesis is to explain the importance of modeling rat optic 
nerve head biomechanics in glaucoma research, what results I have obtained after five 
and a half years of work, and how this information should be utilized in the field going 
forward. In this introduction, I will first give the reader an overview of glaucoma, explain 
the relevance of intraocular pressure in the disease process and as a therapeutic target, 
and give a brief introduction to glaucoma biomechanics. I will then explain the motivation 
for characterizing rat ONH biomechanics. Finally, I will give an overview of the three 
specific aims of this thesis. 
1.1 Glaucoma 
1.1.1 Overview 
In a 2015 poll that asked Americans about their greatest health fears, blindness was 
ranked as one of the most feared disabilities, ranked even ahead of ailments such as loss 
of a limb, loss of memory, and loss of speech (Scott, 2015). Unfortunately, glaucoma, the 
second leading cause of blindness and the leading cause of irreversible blindness, is not 
well understood. It is projected to affect 76 million people throughout the world by the year 
2020 (Tham et al., 2014), and although several different modes of therapy exist, they are 
not always effective. 
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Figure 1. Overview of human eye anatomy. Created by Jordi Noguè, distributed 
under a CC BY-SA 3.0 license (Source: https://commons.wikimedia.org/wiki/File: 
Schematic_ diagram_of_the_human_eye_en.svg) 
Part of the difficulty in understanding this disease is that the term “glaucoma” refers 
to a spectrum of disease states with different characteristics and causes (Quigley, 1999). 
They all share a common pathology, which is the loss of function of retinal ganglion cell 
(RGC) axons and structural changes to the optic nerve head described as “cupping” 
(Burgoyne, 2015). RGCs are the neurons that relay vision information from the retina to 
the brain via axons that exit the eye through a canal in the posterior globe. The region at 
which they exit the eye is called the optic nerve head (ONH), which is known to be an 
early and primary site of damage in glaucoma (Minckler et al., 1977; Quigley & Addicks, 
1980; Quigley et al., 1981). The ONH is not the only site of pathology in glaucoma, but it 
will be the focus in this thesis.  
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The most common type of glaucoma in the west is called “primary open-angle 
glaucoma”, which is estimated to make up more than 80% of cases in the United States 
(Friedman, 2004; Weinreb et al., 2014). In this form of glaucoma, damage progression 
and onset of blindness are slow, taking place over several years. This means that a patient 
can remain undiagnosed and untreated until later stages in the disease when they finally 
notice symptoms. At that point, it is likely that significant vision loss has already occurred 
(Varma et al., 2011). 
1.1.2 Elevated Intraocular Pressure: Risk Factor and Therapeutic Target 
Principal risk factors for glaucoma include elevated intraocular pressure (IOP), age, 
family history of the disease, and African American descent, among others (Weinreb et 
al., 2014). Elevated IOP is considered to be a causative risk factor, which indicates the 
importance of biomechanics in the disease. In fact, it is generally agreed that the increased 
mechanical stress and strain in the ONH due to elevated IOP are important drivers leading 
to RGC dysfunction (Burgoyne, 2011). Further, IOP lowering remains the only clinically-
validated therapeutic intervention in glaucoma. Even in cases of normal tension glaucoma, 
in which the patient experiences glaucomatous vision loss at normal levels of IOP, 
lowering IOP is still the standard treatment (Anderson, 2003). 
Clinicians treat glaucoma using several types of IOP-lowering drugs with different 
modes of action. Surgical treatments, including devices that provide an extra path of fluid 
drainage from the eye, are second-line options. Unfortunately, in many cases these 
methods are ineffective at preventing further vision loss (Anderson, 2003). In addition, the 
administration of IOP-lowering drugs must be carried out in a strict regimen by the patient. 
As a result, lack of patient compliance frequently allows the disease to progress (Okeke 
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et al., 2009). Thus, novel therapies with new modes of action other than lowering IOP are 
needed and will likely require a better understanding of the pathophysiology of RGC loss. 
1.1.3 Glaucoma Biomechanics 
Even though it is widely accepted that biomechanics play a fundamental role in the 
disease, the mechanisms by which biomechanical insult lead to and/or influence the 
progression of RGC dysfunction are not well understood. As is evident by the information 
above, this is due in part to the fact that glaucoma has multiple layers of complexity. The 
first layer, the actual disease process leading up to RGC death, is not well understood 
because a variety of factors are likely at play. Even though biomechanical insult has been 
identified as a likely driver of glaucomatous damage, there are several “triggers” at which 
biomechanical insult could be initiating damage progression (Alqawlaq et al., 2018; 
Burgoyne, 2011). Some of these may be primarily responsible for RGC apoptosis, but it 
is likely that they interact. In addition, the biomechanical environment of the ONH is 
extremely complex. Researchers are just now beginning to develop capabilities to answer 
questions such as “What is a common magnitude and mode of strain experienced by an 
RGC axonal bundle after IOP is elevated”, even though these questions have been asked 
for decades.  
1.2 Motivation for the Characterization of Rat ONH Biomechanics 
In this context, rodent glaucoma models, particularly rat models of ocular 
hypertension, are highly valuable research tools. As will be discussed, they closely mimic 
glaucoma pathophysiology and their low cost and ease of use allow for the high subject 
numbers necessary for mechanistic studies (Morrison et al., 2011). However, they cannot 
yet be used to make connections between biomechanical insult and RGC death because 
rat ONH biomechanics data is missing from the field. Unfortunately, it cannot simply be 
 5 
inferred from the studies on large mammals because rat ONH anatomy is markedly 
different from that of humans and other large mammals. Fortunately, recent 
histomorphometry work has provided a data set describing detailed, 3D rat ONH anatomy 
that can be used to build finite element (FE) models (Pazos et al., 2015, 2016). The 
purpose of this thesis is to use FE modeling to provide the biomechanical characterization 
of the rat ONH under glaucomatous conditions that is currently missing from the field. The 
results from this work will enable connections to be made between the patterns of 
biomechanical insult they provide with cellular response patterns from current and future 
rat glaucoma studies to learn more about RGC pathogenesis. 
1.3 Specific Aims 
Specific Aim1: Determine the biomechanical properties of the rat sclera using inverse 
finite element modeling 
No studies to date have determined the biomechanical properties of rat ONH tissues 
necessary for FE modeling. Ideally, we would have tested each mechanically-relevant 
tissue in and adjacent to the ONH. However, we here chose to focus on the sclera, as 
previous studies suggest that the sclera is most influential in determining human ONH 
mechanical response; further, other ONH-relevant tissues are extremely difficult to isolate 
and test. The sclera was subjected to a combination of inflation testing with digital image 
correlation and inverse FE analysis to determine parameters describing tissue stiffness 
and regional fiber directions. These material properties will inform future attempts to model 
and understand biomechanical behavior in the rat ONH, including FE models in Aims 2 
and 3. 
Specific Aim 2: Determine the factors that most influence rat optic nerve head 
biomechanics in a sensitivity analysis using a parameterized finite element model 
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We developed a generic, parameterized rat ONH FE model based on image data 
sets provided by a collaborating lab, and material properties from Specific Aim 1. The 
geometry and material parameters of this model were parametrically-variable, and FE 
analysis was used to simulate ONH stress and strain patterns. We performed a sensitivity 
analysis using Latin hypercube sampling, a computationally efficient statistical sampling 
technique, to explore the influence of model parameters on biomechanical outcome 
measures. As a result, we determined which anatomical features and material parameters 
most impact rat ONH biomechanics. 
Specific Aim 3: Determine strain patterns in rat ONHs under elevated IOP using 
individual-specific FE modeling 
Although generic FE models such as developed in Aim 2 are ideal for performing 
sensitivity analyses, they come with the necessary drawback of using simplified 
geometries. Therefore, we used complex, individual-specific geometries in this Aim, 
creating models with higher geometric fidelity than Aim 2. We simulated the effects of IOP 
elevation using seven rat-specific geometries (based on image data as in Aim 2) and 
material properties (Aim 1). The data acquired from these FE models provides a 
framework for interpreting previous and future results from rat glaucoma studies. 
Specifically, regional patterns of stress and strain predicted by our models can be 
compared to regional patterns of biological outcomes, such as ONH astrocyte realignment 
and RGC degeneration, currently being measured in our lab and others. These 
comparisons can be used to draw conclusions about how biomechanics influences cellular 
behavior in glaucoma, ultimately driving development of non-IOP lowering glaucoma 
therapies.  
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CHAPTER 2. BACKGROUND 
In this chapter, I will first explain how the balance of fluid flow in the eye affects IOP. 
I will then proceed to describe the anatomy of the ONH and the pathophysiological events 
that occur there in glaucoma. Next, I will give a description of ONH biomechanics, 
including relevant experimental and modeling studies to date. Finally, I will describe the 
strengths and weaknesses of rat models of ocular hypertension and any biomechanically-
relevant rodent glaucoma studies. 
2.1 Flow of Aqueous Humor 
A key element of primary open-angle glaucoma is the production and outflow of a 
clear fluid called aqueous humor, which can be thought of as the body’s solution to 
nutrition delivery in the eye while maintaining ocular transparency to allow the passage of 
light. Aqueous humor is produced by processes on the surface of the ciliary body, which 
lies posterior to the iris. This fluid exits the eye through a series of tissues with varying 
fluid resistance in the angle between the cornea and the iris. The interaction between 
aqueous production and outflow resistance determines the level of IOP in the eye, with 
high resistance and/or high production causing elevated IOP. The tissues through which 
aqueous flows have highly sensitive outflow/IOP control functions (Ashpole et al., 2014; 
Johnson et al., 1989; Stumpff & Wiederholt, 2000), but as one can imagine, if this control 
is hindered or dysfunctional, as is the case in a significant set of glaucoma subtypes, IOP 
can be chronically elevated. Thus, an important aim of the glaucoma field is to understand 
and manipulate the mechanisms that control aqueous humor flow and regulate IOP. 
However, damage to the ONH is what directly causes blindness in glaucoma and will be 
the focus of this thesis.  
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2.2 Anatomy of the Optic Nerve Head and Surrounding Tissues 
To understand glaucoma pathophysiology, one must first have a grasp of ONH 
anatomy. In this section, I will first define the directional terms that will be used throughout 
this thesis to describe relative positions within the eye. I will then describe the tissues in 
and around the human ONH region and their functions. Anatomy of the rat ONH will be 
dealt with in Section 2.5.3. Finally, I will give a description of the resident cells in the ONH 
and their respective roles. 
2.2.1 Explanation of Directional Terms 
Before describing the tissues of the ONH, it is helpful to define a set of directions, 
namely “superior”, “inferior”, “anterior”, “posterior”, “temporal”, and “nasal”. The superior 
and inferior directions point toward the forehead and chin, respectively; the anterior and 
posterior directions point out of the face and back into the skull, respectively; and the 
temporal and nasal directions point toward the temple and nose, respectively. Note that 
the temporal and nasal directions are flipped for two eyes from the same subject 
(contralateral eyes). 
2.2.2 Main Tissues and Their Primary Functions 
As mentioned above, the ONH is the region in the posterior eye where RGC axons 
converge before exiting the globe. The axons form the optic nerve as they pass through 
the scleral canal. The sclera, the white part of the eye, together with the cornea, forms the 
main connective tissue shell of the eye. Like most load-bearing soft tissues, the sclera is 
primarily composed of a proteoglycan matrix reinforced by layers of organized collagen 
and elastin fibers (Young, 1985). The thickness of the sclera varies but is in the range of 
0.5–1 mm in humans (Norman et al., 2010). Directly interior to the sclera is a bed of 
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vascular tissue called the choroid, which serves as a blood supply for the retina (Hirata et 
al., 2011; Lee et al., 2016). Separating the choroid and retina is a thin (c. 3 µm), but tough 
connective tissue membrane called Bruch’s membrane (BM) that is primarily made up of 
collagen and elastin (Curcio & Johnson, 2012). 
 
Figure 2. Left: Schematic of the human ONH. Abbreviations: R (retina), C 
(choroid), S (sclera), PCA (posterior ciliary artery), SAS (subarachnoid space), ON 
(optic nerve), D (dura mater). Top right: Electron microscopic image of the LC. 
Bottom right: Schematic of the eye anatomy. All three represent human anatomy. 
Adapted from (Ethier & Simmons, 2007). 
The retina is organized into layers of neurons, with glial cells throughout, that have 
different roles in sensing and processing light information. Processed vision information is 
transmitted to the visual cortex via the RGC axons, which form the “retinal nerve fiber 
layer” (RNFL), the innermost layer of the retina. The elegant process of sensing, 
processing, and transmitting light information requires the retina to maintain a high 
metabolic rate, making it necessary to have an efficient retinal circulatory system. The 
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choroid is positioned adjacent to the retina in order to perform this role for the exterior 
retinal layers, and a series of vessels laid across the inner retina supply the inner layers 
(Yu et al., 2019). 
Spanning the scleral canal in human eyes is a web-like connective tissue called the 
lamina cribrosa (LC), which separates the optic nerve tissue into three regions: the 
prelaminar region (anterior to the LC), the laminar region, and the retrolaminar region 
(posterior to the LC). The beams of the LC connect in a complex pattern, resulting in pores 
of different shapes, sizes, and tortuosities through which bundles of RGC axons pass. The 
LC beams are composed primarily of collagen and elastin (Goldbaum, 1989; Hernandez 
et al., 1987) and are thought to provide mechanical support to the RGC axon bundles as 
they pass through the scleral canal, a weak point in the otherwise tough corneoscleral 
shell (Downs et al., 2008). The LC also serves as a scaffold for capillaries running through 
the LC beams that provide blood to the axon bundles (Anderson, 1969). As seen in Figure 
2, the capillaries are supplied with blood by the posterior ciliary arteries that pass through 
and out of the sclera near the ONH (Hayreh, 2001). 
The LC provides mechanical stability to individual axon bundles, but the optic nerve 
sheath provides mechanical support to the nerve as a whole. It is composed of two main 
layers: the pia mater and dura mater, both connective tissues with high collagen content 
(Taban et al., 2001). The pia mater originates from the posterior scleral surface, directly 
encases the optic nerve, and has a thickness of approximately 50 µm (Jonas et al., 2014). 
The dura mater is thicker than the pia at about 300 µm (Hasenfratz, 1987). It also arises 
from the posterior sclera but does not directly encase the pia and nerve, instead 
surrounding the subarachnoid space that contains cerebrospinal fluid (CSF). 
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2.2.3 The Cellular Environment of the ONH 
As mentioned, the RGC axons form the vast majority of the optic nerve. Within the 
prelaminar neural tissue and LC, these axons have no myelin sheath. Posterior to the LC, 
the axons are myelinated, and the optic nerve becomes thicker as a result. Other cell types 
in the ONH region which are important in optic nerve homeostasis include 
oligodendrocytes, microglia, scleral fibroblasts, LC cells, and astrocytes. 
Oligodendrocytes and microglia are both types of glial cells. Oligodendrocytes 
maintain the myelin sheaths of the RGC axons posterior to the LC, and microglia primarily 
act as immune surveillance cells by performing phagocytosis of unwanted materials. 
Scleral fibroblasts are important for maintaining the ECM of the peripapillary sclera, and 
LC cells are cells unique to the ONH that maintain the ECM of the LC beams (Hernandez, 
2000; Kang & Yu, 2015).  
Astrocytes line the beams of the LC and are distributed throughout the optic nerve, 
providing a number of support functions for the RGC axons (Hernandez et al., 2008). 
These important glial cells have a distinct morphology, consisting of many long processes 
protruding from the cell body that end in foot plates usually either adjacent to an LC beam 
or RGC axon bundle. Astrocytes are thought to be responsible for providing nutritional 
support to the axon bundles by facilitating diffusion of nutrients from the LC beam 
capillaries to the axons (Anderson, 1969). As ONH astrocyte footplates have only been 
observed attaching to LC beams, it is thought that nutrients have to first diffuse through 
the LC beam ECM before reaching astrocyte foot plates (Anderson, 1969; Yang et al., 
2017). Astrocytes also provide neurotrophic support, regulate ionic and neurochemical 
homeostasis, and assist in remodeling the ECM (Alqawlaq et al., 2018; Hernandez et al., 
2008). Lastly, they have a unique phagocytic role in which they phagocytose discarded 
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RGC mitochondria in a process called transmitophagy, which is critical for healthy RGC 
functioning (Bihlmeyer et al., 2014; Nguyen et al., 2011). 
In summary, the eye is a highly sophisticated organ for sensing and processing 
visual information. Particularly at the ONH, many tissues of varying functions, sizes, and 
compositions intimately interact, making it a difficult but fascinating region to study. Also 
intricate is the homeostatic environment of the ONH, which is maintained by the 
complementary actions of several different cell types, and the main purpose of which is to 
provide optimal conditions for the RGC axons. As will be discussed in the next section, 
this has implications for glaucoma pathophysiology. 
2.3 Pathophysiology of the Optic Nerve Head in Glaucoma 
It is well-accepted that biomechanics are important in glaucoma and that 
biomechanical insult, namely increased mechanical stress and strain, to the ONH is a risk 
factor for RGC death in glaucoma (Burgoyne, 2011). It is known that RGC death in 
glaucoma occurs through apoptosis and that this pathway is likely initiated due to the 
disruption of several aspects of RGC homeostasis (Alqawlaq et al., 2018; Quigley, 1999; 
Quigley et al., 1995; Stowell et al., 2017; Yang et al., 2017). However, the precise ways in 
which homeostasis is disrupted, the order of and relationships between different damaging 
events, and exactly how biomechanical factors influence some or all glaucomatous events 
are not known. 
In this section, I will first describe the clinical signs of glaucoma. I will then move on 
to describe the remodeling changes that occur in the ONH followed by changes in cellular 
behavior. Finally, I will give a summary of the factors that likely lead to RGC death. 
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2.3.1 Clinical Markers 
Glaucoma is difficult to define and sometimes difficult to diagnose. Although 
abnormal characteristics, such as higher-than-normal IOP, can flag a patient as being at 
risk for glaucoma, the disease cannot be truly diagnosed without observing ONH changes 
over time (Weinreb et al., 2014). A primary marker of glaucoma is the posterior bowing 
and thinning of the LC and thinning of the prelaminar neural tissue and RNFL. This is 
manifested clinically as “cupping” or “excavation” of the ONH, which can be quantified by 
the “cup to disc ratio”. The cup can be seen as a light-colored oval at the ONH while the 
disc is a dark oval-shaped ring surrounding it. As cupping occurs, the cup diameter 
increases, and the disc thins. The posterior bulging of the LC is intuitive when thinking 
about what might happen to ONH tissues due to IOP elevation, but interestingly, this same 
effect is seen in normal tension glaucoma (Burgoyne, 2015; Li et al., 2016). This reveals 
that different combinations of ONH structural factors and material properties can lead to 
an ONH that is vulnerable to mechanical insult even at relatively low levels of IOP. The 
converse is also true: some individuals live with relatively high IOP, but do not develop 
glaucoma (Quigley, 2005). 
The most telling marker of glaucoma besides cupping is progressive vision loss. As 
glaucoma progresses, RGC axons are lost to apoptosis (Quigley et al., 1982, 1995; 
Quigley & Addicks, 1980), an energy-dependent form of cell death, resulting in a 
“progressing” visual field that typically shrinks towards a central island of vision before 
complete blindness occurs. As noted, vision loss, and even signs like cupping, do not 
manifest until damage is well underway. This is extremely unfortunate because vision loss 
in glaucoma is essentially irreversible, and it is possible that the changes occurring build 
on each other, making the eye more susceptible to further damage the longer they remain 
unchecked (Alqawlaq et al., 2018; Yang et al., 2017). A better understanding of glaucoma 
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biomechanics could allow identification of at-risk or glaucomatous patients before these 
other signs occur. In addition, therapies that aim to alter biomechanical properties could 
be used in tandem with the current IOP-lowering methods to produce an additive, or 
possibly synergistic, effect on disease progression. 
 
Figure 3. Histologic sections through a normal (left) and glaucomatous (right) 
human ONH from (Jonas, 2003). The interior of the eye is shown in the upper part 
of the figure, and the boundaries of the LC are outlined in black. Cupping, thinning 
of the prelaminar neural tissue, and bowing of the LC is observed in the 
glaucomatous ONH. 
2.3.2 Remodeling 
Since remodeling of structural tissues in the body is usually the result of mechanical 
stimuli, the remodeling changes that occur in glaucoma are consistent with the 
involvement of biomechanics in the disease. It is well-known that changes to the ECM 
occur in the LC and peripapillary sclera (sclera immediately surrounding the optic nerve) 
(Hernandez et al., 1990; Pena et al., 2001; Quigley et al., 1991, 1991), and for some time, 
morphological changes in human and monkey glaucoma have been documented 
(Bellezza et al., 2003; Jonas, 2003; Quigley et al., 1983). However, over the last decade, 
a technique called 3D histomorphometry developed by Drs. Claude Burgoyne and 
Crawford Downs has made more in-depth characterization of ONH anatomy possible 
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(Burgoyne et al., 2004). Combined with optical coherence tomography (OCT) imaging, 
this technique was used in a series of studies on the monkey experimental glaucoma 
model to precisely characterize ONH structural changes from early to end stage glaucoma 
(Burgoyne et al., 2004; Cull et al., 2012; Downs et al., 2007; Fortune et al., 2016, 2016; 
Gardiner et al., 2012; Ing et al., 2016; Ivers et al., 2016; Lockwood et al., 2015; Reynaud 
et al., 2016; Roberts et al., 2009, 2010; Strouthidis et al., 2011, 2011, 2010; Yang et al., 
2007, 2009, 2007, 2009, 2017, 2011, 2011). They described five major changes: posterior 
deformation and bowing of the LC, scleral canal expansion, posterior migration of the LC, 
a thickening of the LC in early disease stages followed by a late thinning of the LC, and 
posterior bowing of the peripapillary sclera. With regards to the LC migration, Roberts et 
al. postulated that the LC recruits retrolaminar septa, connective tissue strands that run 
through the optic nerve, as the LC migrates (Roberts et al., 2009). 
2.3.3 Cellular Responses in Glaucoma 
2.3.3.1 Retinal Ganglion Cells 
Past research indicates that axonal transport of neurotrophic factors, especially 
BDNF, is a key RGC function that is disrupted in glaucoma and results in apoptosis 
(Moons et al., 2015; Pease et al., 2000; Quigley et al., 2000). This blockage of transport 
occurs at the level of the ONH, which, along with the ONH remodeling changes, indicates 
that the ONH is a primary site of damage (Quigley & Addicks, 1981; Quigley & Anderson, 
1976). It is a common hypothesis in the field that regardless of the causes preceding it, 
failure to accomplish retrograde transport is a common step before RGC apoptosis occurs 
(Morrison et al., 2011). 
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2.3.3.2 Astrocytes 
Astrocytes play a major role in glaucoma, and in fact, they begin to display 
“activated” behavior characteristic of glaucomatous damage before the death of RGCs 
occurs (Sun et al., 2013). One such behavior is the formation of a “glial scar”, in which 
astrocytes, along with microglia, oligodendrocytes, and scleral fibroblasts, increase ECM 
production, forming connective tissue in place of the damaged axons (Hernandez, 2000). 
In addition to changes in protein expression (Hernandez et al., 2008), activated astrocytes 
will withdraw and reorient their processes. In rodent models, they reorient their processes 
from perpendicular to parallel to the nerve axis in response to IOP elevation (Sun et al., 
2013; Tehrani et al., 2016, 2014). Interestingly, astrocytes will revert to normal 
organization if IOP is returned to normal after a short elevation period. 
It is important to note that astrocytes are mechanosensitive, and the behavior 
astrocytes exhibit in glaucoma is consistent with observations of cultured astrocytes 
activated by mechanical stimuli. Specifically, when exposed to dynamic strain in 3D 
culture, astrocytes have been shown to reorient their processes perpendicular to the 
direction of stretch and upregulate MMP activity (Mulvihill et al., 2018). 
2.3.3.3 Microglia, Oligodendrocytes, and Invading Monocytes/Macrophages 
Microglia also play a role in RGC damage (Bosco et al., 2015). Like astrocytes, these 
cells become activated in a glaucomatous ONH. When activated, they increase production 
of proinflammatory chemokines, reactive oxygen species (ROS), matrix 
metalloproteinases, and a variety of neurotrophic factors (Yuan & Neufeld, 2000). They 
also increase phagocytic activity and, along with oligodendrocytes, contribute to glial scar 
formation (Hernandez, 2000). 
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In severely damaged ONHs of experimental glaucoma models, invading 
monocytes/macrophages have been observed in the optic nerve. Their specific role in the 
disease is yet to be discovered, and it is not understood whether they add to the likelihood 
of RGC apoptosis or if their presence is simply indicative of inflammatory conditions 
(Alqawlaq et al., 2018; Howell et al., 2012; Johnson et al., 2014, 2011). 
2.3.4 Underlying Causes of RGC Death 
Although the precise etiology of RGC apoptosis in glaucoma is not yet understood, 
the field has described an array of mechanisms that are likely involved (Alqawlaq et al., 
2018; Burgoyne, 2011; Yang et al., 2017). 
2.3.4.1 Direct Mechanical Insult 
Direct mechanical insult in the form of shearing or compression of RGC axons may 
cause the blockage in axonal transport seen at the ONH (Balaratnasingam et al., 2008). 
In this scenario, particularly weak areas of a given LC or a peripapillary sclera would put 
nearby RGC axons at high risk of damage after elevated IOP. An increase in IOP also 
results in an increase in the translaminar pressure difference, and thus a steeper 
translaminar pressure gradient. This likely requires the RGCs to expend more energy for 
retrograde transport and may cause or contribute to the ONH axonal transport blockage 
(Band et al., 2009; Yang et al., 2014, 2017). 
2.3.4.2 Inhibition of Blood Supply 
Vascular changes in the ONH are associated with glaucoma, and many in the field 
have hypothesized that they are the primary cause of RGC death (Cull et al., 2013; Leske, 
2009; Liang et al., 2009; Wang et al., 2014). For example, increased strain experienced 
by the LC and peripapillary sclera may compress capillaries in those tissues, slowing the 
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supply of blood to RGC bundles (Burgoyne, 2011). There is also evidence that the lack of 
blood flow is a secondary effect of decreased autoregulation capacity in the ONH, the 
cause of which is debated (Schmidl et al., 2011; Werkmeister et al., 2012). 
2.3.4.3 Direct Effects of Remodeling 
In addition to biomechanical effects, the remodeling changes to the LC may have a 
direct impact on RGC homeostasis. Early thickening of the LC may make it more difficult 
for diffusion to occur across LC beams, leaving the RGCs vulnerable to nutritional deficits. 
Also, the support activities of oligodendrocytes and microglia may become more difficult 
due to the posterior migration and septal recruitment of the LC (Yang et al., 2017). A lack 
of myelin upkeep could result in higher energy demands on RGCs, and hindrance of 
microglia activity may leave them more vulnerable to pro-apoptotic factors such as 
reactive oxygen species (Alqawlaq et al., 2018).  
2.3.4.4 Activation of Glial Support Cells 
The previously discussed behavior of an activated astrocyte may make it less able 
to perform critical support functions for the RGC axons (Alqawlaq et al., 2018). Notably, 
retraction and reorientation of their processes likely prevents them from facilitating 
diffusion from capillaries to RGCs. In addition, their increase in ECM production may leave 
less energy for essential phagocytic roles like transmitophagy, again leaving the RGCs 
exposed to energy deficits and mitochondrial stress. Activated astrocytes may also push 
RGCs toward apoptosis by changing their usual buffering behavior of neurochemicals and 
producing proinflammatory cytokines. 
Activated microglia are also involved in the events leading to RGC death. Recently 
it has been shown that microglia contribute to RGC death in a mouse model of glaucoma, 
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(Howell et al., 2012).  This is likely due to the increase in production of proinflammatory 
chemokines and reactive oxygen species. 
In summary, glaucoma is a debilitating disease that can be diagnosed and treated 
by physicians, but the state of clinical care is imperfect. Earlier diagnosis and more 
effective or complementary treatment options are both needed. However, the 
glaucomatous process is difficult to understand. A series of remodeling changes and 
cellular responses have been documented, but it is still not perfectly clear how the two 
influence each other. It is a prevalent hypothesis in the field that biomechanics are 
involved, directly or indirectly, in all of the events and processes that promote 
glaucomatous damage (Burgoyne, 2011). However, although many processes, 
particularly at the cellular level, have been suggested, the relationships between them are 
not well understood, and some of them have not yet been confirmed. A more sophisticated 
understanding of ONH biomechanics is a necessary step for answering open questions 
about glaucoma pathophysiology. 
2.4 Optic Nerve Head Biomechanics 
Since an overwhelming body of evidence strongly indicates that mechanical stress 
and/or strain in the ONH influence glaucoma, there is strong motivation to characterize 
ONH biomechanical behavior, including the precise patterns of stress and strain that the 
ONH experiences at different levels of IOP. This is difficult because individual-to-individual 
variations in anatomy and material properties are enough to produce substantially different 
stress and strain patterns. Even without this variation, the ONH is a very complicated 
system, since many different tissues with complicated morphologies all interact in the 
same compact and difficult-to-access area. In addition, all these tissues respond to 
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mechanical stress in a nonlinear fashion, and the connective tissues like the sclera and 
LC are anisotropic. 
In this section, I will give a review of what we know about the material properties of 
each tissue relevant to ONH biomechanics, focusing on the sclera and LC, and the studies 
that brought us that information. I will then summarize previous ONH modeling studies 
and state-of-the-art techniques that have surfaced in the last several years. 
2.4.1 The Loading Environment of the ONH 
The eye can be thought of as a pressure vessel, with the ONH being the weak point 
in an otherwise tough corneoscleral shell. As IOP increases, loads are transferred from 
the sclera to the lamina cribrosa, and the laminar beams further transfer stress and strain 
to RGC axon bundles and other resident cells in complex patterns. The prelaminar neural 
tissue and lamina also directly resist IOP acting on their anterior surfaces. From the 
posterior side, cerebrospinal fluid pressure (CSFp) is experienced by the pia mater and 
transferred to the optic nerve and to the LC in the form of retrolaminar tissue pressure 
(RLTP), which closely follows CSFp (Morgan et al., 1998). The difference between IOP 
and RLTP can result in increased LC bowing (García-Montesinos et al., 2017; Yan et al., 
1994). However, the effect of hoop stress transferred to the LC from the sclera, pulling the 
LC taut, can be much greater than effects of IOP acting directly on the prelaminar neural 
tissues. Finally, blood pressure exists within the central retinal vessels, but a recent 
modeling study showed that its effect on the ONH is minimal compared to that of IOP and 
CSFp (Hua et al., 2018). 
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2.4.1.1 IOP 
IOP is important to the functioning of the eye as maintaining a precise shape is 
crucial for the eye’s optical properties. The mean value of IOP over a time course of 
minutes is approximately 15 mmHg for a human eye during the day (Mosaed et al., 2005). 
The mean IOP value follows a circadian rhythm throughout the day, with highest values 
at night and lowest values at midday. It is important to note that this fluctuation might have 
implications for glaucoma. In rats it has been shown that eyes with a seemingly normal 
IOP reading during the day can experience higher than normal pressures at night, 
resulting in RGC loss (Jia et al., 2000). 
 
Figure 4. Histologic section through a monkey ONH with the main pressure loads 
indicated. Abbreviations: intraocular pressure (IOP), cerebrospinal fluid pressure 
(CSFp), retrolaminar tissue pressure (RLTP). Modified from (Burgoyne, 2011). 
However, the instantaneous value of IOP varies constantly and can undergo 
dramatic increases due to events such as blinking (~ 10 mmHg), looking sideways (~ 10 
mmHg), and lid squeezing/eye rubbing (~ 80 mmHg) (Campbell et al., 2014; Coleman & 
Trokel, 1969). In addition, there is a period fluctuation of 2-4 mmHg called the ocular pulse, 
due to cardiac cycle-induced blood volume changes in the choroid. Although they may 
play a role in glaucoma progression (Dastiridou et al., 2009; Vulsteke et al., 2008), it is still 
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not well known how these second-to-second fluctuations and spikes in IOP affect a 
person’s risk. However, the recent development of real time IOP telemetry monitoring in 
monkeys and rats has provided a way to study how these transient fluctuations affect 
glaucoma risk and progression (Bello & Passaglia, 2017; Crawford Downs et al., 2011). 
2.4.1.2 CSFp and RLTP 
As mentioned, the pia mater is surrounded by CSF and is thus directly acted upon 
by CSFp. The magnitude of CSFp at the posterior eye is determined by the balance of 
production and outflow of CSFp and is influenced by the person’s posture. When standing, 
CSFp at the ONH will be lower than when the person is lying down, with typical values of 
0 mmHg and 10 mmHg, respectively (Feola et al., 2016). RLTP results from CSFp acting 
on the pia mater and optic nerve. As shown by a study on dogs, it closely follows CSFp 
(Morgan et al., 1998). As discussed, the difference between IOP and RLTP has 
implications for LC bowing and RGC axonal transport. In fact, there is evidence to support 
the idea that low CSFp contributes to glaucoma damage or risk (Berdahl et al., 2008, 
2008; Ren et al., 2010; Yang et al., 2014). 
2.4.2 Biomechanics of Relevant Tissues and Implications for Glaucoma 
Although stress and strain in the ONH involves interactions of several tissues, 
evidence suggests that the LC and sclera are the most influential. Specifically, in several 
previous modeling studies, the material properties of the sclera and LC were shown to be 
very important, with scleral stiffness actually being the most influential in some studies. 
(Hua et al., 2018; Sigal et al., 2009, 2005). Therefore, the focus of this section will be on 
these two tissues. 
 23 
Specifically, here we focus on relevant macro and microstructural features, 
experimental evaluation of deformation/strain, and experimental characterization of tissue 
properties (including the use of inverse FE modeling). Although it may be alluded to here, 
most of the ONH modeling work will be discussed in Section 2.4.3. 
2.4.2.1 The Lamina Cribrosa 
2.4.2.1.1 Macrostructure 
As mentioned, the LC is a connective tissue structure that spans the scleral canal. 
The thickness of the LC in the human eye is usually on the order of 450 µm but can vary 
significantly (Jonas, 2003; Kotecha et al., 2006), and its bowed shape can take a variety 
of forms, ranging from trough-like to saddle-like (Thakku et al., 2015). Since cupping is a 
primary sign of glaucoma but depends on subjective assessment by clinicians, significant 
research effort has gone into defining LC morphology metrics that can be objectively 
assessed (Tan et al., 2018). Important characteristics that have been associated with 
glaucoma include lower LC thickness (Chung et al., 2016; Hao et al., 2019; Kim et al., 
2016), larger LC depth (Hao et al., 2019; Kim et al., 2018, 2015; Lee et al., 2017), higher 
LC curvature (Kim et al., 2016; Lee et al., 2017), and particular characteristics of the 3D 
shape of the anterior LC surface (Thakku et al., 2015). Some of these measures have 
serious flaws for clinical application. For example, it is not clear if LC thickness can be 
reliably assessed because the current standard imaging technique, OCT, usually cannot 
resolve the posterior lamina surface. LCD is flawed because it requires a reference plane 
such as BM opening, which is affected by changing factors such as choroidal thickness. 
However, LC curvature and shape have high potential for getting around these issues, as 
both are assessed at the anterior LC surface and neither require a reference plane. For 
example, Thakku et al. developed the LC global shape index (LC-GSI), which can describe 
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a variety of surface shapes with a single number ranging from -1 (spherical cup) to +1 
(spherical cap), and showed that it is correlated with two factors related to glaucoma. 
2.4.2.1.2 Constituents and Microstructure 
The main components of the LC extracellular matrix beams are collagen fibers, 
elastin fibers, basement membranes, and proteoglycans (Hernandez et al., 1987). 
Collagen types I and III form fibers throughout the LC beams (Albon et al., 1995; 
Hernandez et al., 1987), and as shown by scanning electron microscopy, elastin fibers are 
numerous in the beams. At the interface where the LC beams insert into the peripapillary 
sclera, there is a beautiful organization of elastin in which a densely populated ring of 
elastin fibers surrounds the scleral canal with fibers extending from this ring and into the 
LC beams at a nearly perpendicular angle (Quigley et al., 1991). 
The microstructural characteristics of collagen fibers in the LC have been quantified 
in recent studies utilizing polarized light microscopy (Jan et al., 2015). Collagen fibers have 
varying levels of crimp throughout the LC, and when the LC is stretched, the fibers are 
recruited (bear load), proceeding from those that are less crimped to more crimped (Jan 
& Sigal, 2018). In addition, thick beams tend to have more highly crimped fibers than thin 
beams (Brazile et al., 2018), meaning that the thin beams will appear stiffer than thick 
beams at lower levels of stretch. 
The LC’s organization of beams and pores also has an important impact on its 
mechanical behavior. It is highly complex, and can be thought of as a web-like or sponge-
like structure in which pores are interconnected and have tortuous paths (Lockwood et al., 
2015; Wang et al., 2018). Early methods for characterizing LC organization included 
imaging modalities such as electron microscopy or confocal scanning laser 
ophthalmoscopy that could view the surface of or projection through the LC (Akagi et al., 
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2012; Chauhan et al., 2013; Quigley et al., 1983). More promising 3D methods have used 
registered stacks of histological or OCT slices to build 3D renderings of the LC beams and 
pores (Girkin et al., 2017; Reynaud et al., 2016; Wang et al., 2013). 
Throughout these studies, researchers have searched for relevant patterns of beam 
and pore architecture in monkey and human eyes. The main points of agreement are that 
there tends to be a larger pore diameter and smaller beam width in the peripheral 
compared to central LC, and in the superior and inferior quadrants compared to the 
temporal and nasal quadrants (Jonas et al., 1991; Lockwood et al., 2015; Nadler et al., 
2014; Quigley & Addicks, 1981; Wang et al., 2016). Interestingly, a preferential pattern of 
damage in the superior and inferior poles of the LC has been reported in both monkey and 
human glaucoma, suggesting a link between the larger pore size and higher vulnerability 
to axonal damage (Dandona, 1990; Quigley, 1999; Quigley & Addicks, 1981; Quigley et 
al., 1982). However, a recent, ongoing study on monkeys has yet to confirm this pattern 
(Yang et al., 2017). 
2.4.2.1.3 Mechanical Behavior 
The LC is a tissue that is difficult to access and handle. Uniaxial testing of scleral 
strips containing the LC has been used to estimate the LC elastic modulus to be  2–3 MPa  
(Spoerl et al., 2005). Recently, an application of the virtual fields method paired with OCT 
has shown promise for evaluating stiffness of the LC complex in vivo, but so far, it has 
only been applied to a single eye in a validation study (Zhang et al., 2017). 
Although material property characterization has been difficult, a great deal has been 
learned about LC deformation and strain due to elevated IOP. Before high quality in situ 
imaging was available, early studies utilized histology after perfusion fixation of 
contralateral eyes at different levels of pressure to determine how the LC deforms in 
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human and monkey eyes (Bellezza et al., 2003; Yan et al., 1994; Yang et al., 2009, 2011). 
Surprisingly, they found that the lamina displaced posteriorly in some subjects and 
anteriorly in others. In addition, there was evidence of high shearing at the periphery of 
the LC, where most of the posterior displacement took place. They also often saw 
expansion of the scleral canal, and posited that the cases of anterior LC displacement 
were due to the sclera pulling the LC taut. Modeling studies have also looked into this 
relationship and will be discussed in Section 2.4.3. 
Later studies used non-invasive imaging techniques including OCT, second 
harmonic-generation imaging, and micro-computed tomography (micro-CT) (Agoumi et 
al., 2011; Beotra et al., 2018; Coudrillier et al., 2016; Midgett et al., 2017; Quigley et al., 
2017; Sigal et al., 2014). Sigal et al. observed that the local patterns of strain were highly 
complicated and regions of highest stretch, compression, and shear did not colocalize 
(Sigal et al., 2014). Two later studies using digital volume correlation found that 
compressive strain was the strain mode with highest magnitude, LCs from older eyes have 
lower strains, and shearing is largest in the periphery (Coudrillier et al., 2016; Midgett et 
al., 2017). Finally, in an exciting development, Boetra et al. were able to use OCT scans 
to calculate in vivo 3D strains in human LCs due to IOP elevation which has implications 
for mapping strain and LC properties of human eyes in vivo moving forward (Beotra et al., 
2018). 
These experimental studies on the LC emphasized the complexity of deformation 
and strain fields at the beam and pore level. Although assessing deformation and strain 
of the LC as a whole or as a continuum is useful, assessing strains at the level of RGC 
axons is likely the level of specificity needed to fully understand biomechanically-mediated 
mechanisms of RGC damage. The combination of highly specific strain mapping with 
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microscale LC models will be an especially powerful research tool. Development of these 
models has begun and will be discussed below. 
2.4.2.2 The Sclera 
2.4.2.2.1 Constituents and Structure 
Although seemingly simple at first glance, the sclera is a surprisingly complex and 
heterogeneous tissue, even across its thickness. The thickness of the sclera varies along 
the meridional direction from approximately 600 µm at the limbus (connection point with 
the cornea), to 450 µm at the equator, to 1000 µm at the posterior pole (Norman et al., 
2010; Vurgese et al., 2012). Near the ONH, just nasal to the posterior pole, the 
peripapillary sclera has a thickness of about 400 µm. 
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Figure 5. Left: Collagen fiber traces in and near the ONH of a human eye from 
(Gogola et al., 2018). Traces were produced from polarized light microscopy 
images. Fibers within the LC beams as well as circumferential (~) and meridional 
(+) fibers within the peripapillary sclera are visible. Interweaving fibers with low 
alignment are visible in the right side of the image. Note that the plane of view 
crosses multiple layers through the thickness of the sclera. Right: Fiber alignment 
map produced from wide angle X-ray scattering from (Pijanka et al., 2012). Map 
shows highly aligned circumferential fibers near the ONH but more randomly 
aligned fibers elsewhere. Colors indicate degree of alignment and small arrows 
indicate the two primary axes of alignment. 
The sclera is quite robust, being made up of an ECM of proteoglycans reinforced by 
elastin and collagen fibers, and containing about 50% collagen by weight (Keeley et al., 
1984). Around 90% of the collagen fibers are type I (Summers Rada et al., 2006), but 
types I, III, V, and VI are all present in smaller quantities (Watson & Young, 2004). Like its 
thickness, sclera microstructure is also heterogeneous, causing it to have anisotropic 
properties that vary from location to location due to the arrangement of collagen fibers. 
These fibers are organized in several layers throughout the thickness of the sclera, with 
each layer having its own preferred fiber direction that lies within a plane locally tangent 
to the scleral surface (Komai & Ushiki, 1991; Summers Rada et al., 2006; Young, 1985). 
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Over the years, the primary fiber direction and degree of fiber alignment have been 
mapped in the sclera of several animal species and in humans using wide-angle X-ray 
scattering, small-angle light scattering, and inverse modeling (Coudrillier et al., 2013, 
2015, 2015, 2015; Danford et al., 2013; Girard et al., 2011, 2009, 2011, 2009; Grytz & 
Meschke, 2010; Grytz et al., 2011; Grytz & Siegwart, 2015; Oxlund & Andreassen, 1980; 
Pijanka et al., 2012, 2014, 2015). These studies consistently found that in the peripapillary 
sclera, collagen fibers are highly aligned in the circumferential direction, forming a ring 
around the scleral canal. However, both direction and degree of alignment are highly 
variable in most other locations throughout the sclera, and few studies have 
comprehensively described how these parameters vary across the scleral thickness 
(Pijanka et al., 2015). In addition, Coudrillier et al. found that aged eyes have lower scleral 
anisotropy than younger eyes. 
As with the LC, the recent application of polarized light microscopy has provided 
more detailed information about regional and through-thickness scleral fiber organization, 
as well as information on fiber crimping (Gogola et al., 2018; Jan et al., 2015, 2017, 2017; 
Jan & Sigal, 2018; Sigal et al., 2018). These studies confirmed the consistent existence 
of the ring of collagen fibers around the scleral canal, found that meridional fibers extend 
from the circumferential ring into the peripheral sclera in the inner most layers of scleral 
thickness, and observed collections of interweaving fibers with low alignment throughout 
the scleral thickness in many regions. Quantifying collagen crimp, Jan et al. showed that 
groupings of fibers with varying levels of crimp reside throughout the sclera. As pressure 
increases and the sclera stretches, more and more groups of fibers are “uncrimped” or 
“activated”, contributing to the highly nonlinear response of the sclera to load (Jan & Sigal, 
2018). 
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Lastly, after performing polarized light microscopy in several studies, Voorhees et 
al. proposed that collagen fibers in the sclera, rather than being organized in groups of 
relatively short, interconnecting fibers, pass all the way from one side of the limbus to the 
other, with many passing directly adjacent and tangential to the scleral canal (2018). With 
analytical models, they showed that this could be more effective at reducing strain in the 
ONH than the more traditional understanding of fiber organization. 
2.4.2.2.2 Mechanical Behavior 
There are several ways in which the sclera has been tested for mechanical 
properties. As expected, uniaxial testing was the first method utilized and has been 
repeated several times over the years (Avetisov et al., 1983; Chen et al., 2014; Downs et 
al., 2003; Elsheikh et al., 2010; Friberg & Lace, 1988; Geraghty et al., 2012; Spoerl et al., 
2005). There are several key findings from these tests. First, they measured the scleral 
elastic modulus to be anywhere between 1 MPa and 60 MPa. Second, they showed that 
the sclera stiffens nonlinearly as it is stretched and that it is viscoelastic. Third, by taking 
strips of sclera from different regions, they showed that its stiffness properties are 
heterogeneous throughout, but this is dependent on species. Lastly, they showed that the 
sclera stiffens with age.  
Biaxial testing performed by Elaghi et al. was an improvement on previous studies 
as it is more similar than uniaxial testing to the mode of loading that the sclera experiences 
in vivo (Eilaghi et al., 2010). Stiffness constants for an anisotropic Fung model were 
obtained, showing that there was high variability between subjects. The anisotropy of the 
tissue was also assessed, and the authors were surprised to find that the overall trend 
was close to isotropic behavior. However, in this study, scleral samples were taken from 
regions outside the peripapillary sclera, which were shown to have mainly low degree of 
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fiber alignment in the imaging studies discussed above, and inflation testing studies 
discussed below. 
Inflation testing with surface tracking methods, namely electronic speckle pattern 
interferometry (ESPI) or digital image correlation (DIC), allowed the entire sclera to be 
tested under nearly in vivo conditions, rather than interrogating dissected samples of 
scleral tissue. These studies showed that the strain and displacement fields at the surface 
of the sclera are complex, as expected. Coupled with inverse FE modeling, each research 
group fit displacement data with several different material models that all incorporated 
proteoglycan matrix stiffness, fiber stiffness, fiber direction, and degree of fiber alignment. 
Girard et al. performed a series of these tests on monkey eyes (Girard et al., 2009, 2009, 
2011, 2009), and Coudrillier et al. studied human eyes (Coudrillier et al., 2013, 2016, 2015, 
2015, 2015, 2012). In addition to fiber alignment data, both groups found that aged and 
glaucomatous eyes are stiffer than young or normal eyes. Coudrillier et al. also used 
forward modeling simulations to show that anisotropy in the peripapillary sclera has a high 
influence on ONH deformation. 
A third fiber-reinforced model that accounted for collagen crimp was used by Grytz 
et al. in inverse FEM on human eyes (Grytz et al., 2014, 2014). Their unique model allowed 
them to estimate strains at the fiber level, the collagen network level, and the macroscopic 
level. They found that the collagen strains were the same in the peripapillary and 
peripheral sclera even though the macroscopic plane strains were different. This 
interesting finding suggests that scleral remodeling of collagen fibers is driven by the goal 
of maintaining similar levels of stress and strain at the fiber level. 
Interestingly, many studies have shown that the sclera stiffens with age and as a 
result of changes in glaucoma. However, it is not understood whether scleral stiffening in 
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glaucoma is an attempt by cells to remodel the sclera to be more resistant to effects of 
elevated IOP, or if it is an “undesired” effect of the disease process that ultimately results 
in increased damage to the ONH. In addition, more study is required to better understand 
how changes in the intricate network of scleral fibers influence the biomechanical 
response of the ONH. 
2.4.2.3 The Pia Mater and Dura Mater 
Like the sclera, the pia mater and dura mater are composed of a proteoglycan matrix 
and have a high density of collagen fibers (Taban et al., 2001). Most studies have looked 
at sections of tissue around the brain or spinal cord, not near the ONH. However, evidence 
suggests that these tissues are anisotropic, undergo nonlinear stiffening behavior, and 
that they are relatively stiff, albeit less stiff than the sclera (Jin et al., 2014; Raykin et al., 
2017; Shetye et al., 2014; Wang et al., 2016). The mechanics of these tissues have not 
been extensively studied, but a sensitivity analysis by Sigal et al. ranked their influence as 
relatively low on the list of considered factors (Sigal et al., 2005). However, an updated 
study that included the effects of cerebrospinal fluid pressure ranked the dura as highly 
influential (Hua et al., 2018). In addition, other modeling work has shown that large eye 
movements can induce high strains in the ONH (Wang et al., 2017, 2016). The pia and 
dura mater are more directly involved in the transfer of load to the ONH in this scenario 
than in that of elevated IOP. 
2.4.2.4 The CRA and CRV 
Although the CRA and CRV pass directly through the center of the LC and nerve at 
and near the level of the ONH in humans, not much is known about their properties or how 
their position and/or mechanical properties influence ONH strains. To our knowledge, 
there have been no studies directly investigating the properties of the central retinal 
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vessels. Modeling studies to date have treated them as isotropic tissues that behave in a 
linear fashion and assumed stiffness values that were found for vessels of similar size in 
other parts of the body (Feola et al., 2017; Sigal et al., 2004). However, it should be noted 
that a recent modeling study showed that although central retinal vessel properties do 
influence ONH response to elevated IOP, the ONH is not highly sensitive to changes in 
their values (Hua et al., 2018). 
2.4.2.5 The Choroid and BM 
As mentioned, the choroid is a bed of vascular tissue and BM is a thin membrane 
with high collagen and elastin content. Although difficult to isolate, there have been some 
studies investigating the properties of the choroid and BM. When tested as a choroid-BM 
complex without separating the two, stiffness values were approximately an order of 
magnitude lower than the sclera (Chen et al., 2014; Friberg & Lace, 1988; Ugarte et al., 
2006). Others have tested the tensile modulus of a BM-choroid complex with most of the 
choroid removed and found values that were similar to the sclera or greater (Chan et al., 
2007; Wang et al., 2018). 
2.4.2.6 The Retina and Optic Nerve 
The neural tissues of the eye, the retina and optic nerve, are the weakest tissues 
involved in ONH biomechanics. These tissues have much less ECM than others in the 
eye, with little to no elastin or collagen content (Burgoyne et al., 2004; Jonas, 2003). 
Difficult to isolate and test due to their fragility, there is not much information available on 
their mechanical properties. In a few instances, labs have managed to test uniaxial strips 
of retina and found moduli values approximately two orders of magnitude lower than the 
sclera (Chen et al., 2010, 2014). As one would expect, sensitivity analyses have ranked 
optic nerve stiffness as highly influential on optic nerve strains (Sigal et al., 2005), but the 
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exact material properties of the ONH neural tissue will not be of utmost importance until 
knowledge in the glaucoma biomechanics field becomes sophisticated enough to predict 
what strain levels are pathogenic for RGCs. As will be discussed, models are getting more 
and more sophisticated, so the importance of understanding this tissue’s precise 
biomechanical behavior is growing. 
In summary, a number of tissues with varying mechanical properties in the ONH 
have impacts on its biomechanical environment. The LC is particularly important and 
difficult to understand. Both the macro and microstructural characteristics of the LC 
influence its mechanical behavior and have implications for glaucoma susceptibility. 
Although difficult, accurately taking into account the organization of LC beams and of 
collagen and elastin fibers within the beams is important for improving understanding of 
ONH biomechanics. As evidenced by the experimental studies on LC deformation, the 
localized patterns of stress and strain are highly variable, so this microstructural 
information will be necessary to understand the levels and modes of stress and strain that 
different cell types and micro-structures (such as capillaries) in the ONH are exposed to. 
The sclera is also important but complex. Although much has been learned about the 
networks of fibers through the multilayered sclera and how their organization influences 
scleral behavior, more work is required to develop a complete understanding, especially 
if therapies targeting scleral biomechanics are to be developed. This is made more evident 
by the fact that new theories about the overarching pattern of scleral fibers are still being 
put forth (Voorhees et al., 2018). Lastly, other tissues within the ONH region will also 
require more careful characterization moving forward as ONH modeling efforts become 
more sophisticated (see Section 2.4.3). 
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2.4.3 ONH Modeling Studies 
There have been a range of ONH modeling studies to date, some focusing on LC or 
sclera and others incorporating as many aspects of the ONH as possible. Although there 
had been previous work on mathematical modeling of the biomechanics in the ONH, the 
first study to use finite element modeling to compute stress and strain in the LC was 
Bellezza et al. in 2000. They began with a simple model of the sclera and LC, with linear 
elastic behavior assigned to both, and showed that even at low levels of IOP, stress in the 
lamina is significant and is dependent on scleral canal shape and size and peripapillary 
scleral thickness (Bellezza et al., 2000). Since this initial study, several other labs have 
utilized finite element models with increasing levels of complexity to describe and learn 
about the biomechanical environment of the ONH. The purpose of this section is to provide 
a review of different techniques and levels of complexity used in FE models of the ONH 
over the years, as well as some of the main conclusions drawn from these studies. 
2.4.3.1 Parameterized Models of the ONH Response to IOP 
One of the most useful implementations of ONH modeling has been a series of studies 
that used parameterized ONH models to investigate the ONH response to elevated IOP, 
the first of which was developed by Sigal et al. (2004). They made improvements to 
Bellezza’s initial modeling attempts by including the retina, prelaminar and post-laminar 
neural tissues, the pia mater, and a more realistic peripapillary scleral geometry in an 
idealized, axisymmetric model of the ONH and posterior eye (Sigal et al., 2004). All tissues 
were considered incompressible and linearly elastic. This was an extremely powerful 
model because it used a parameterized geometry to explore a large parameter space and 
required relatively low computational power while maintaining fidelity to true ONH 
geometry. The authors showed that mean tensile strains in the LC, 4% to 7.7%, were high 
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even when representing the LC as a continuum without complex beam architecture, and 
that strains in the LC were more dependent on scleral properties than LC properties. This 
second assertion was strengthened in a study which made use of the parameterized ONH 
model in an extensive sensitivity analysis on variations in anatomical features and material 
properties that included 505 model variations. Results showed that the most influential 
factor on ONH biomechanics was scleral stiffness, followed by eye radius, LC stiffness, 
IOP, and scleral thickness (Sigal et al., 2005). This motivated Norman et al. to more closely 
investigate the effect of scleral thickness on ONH strains by embedding the generic ONH 
model into parameterized corneoscleral shells informed by shape and thickness 
measurements made on human donor eyes (Norman et al., 2011). They found that varying 
the peripapillary scleral thickness greatly affected peak tensile strains in the LC. 
Later, Sigal expanded on these findings by investigating the interactions between 
parameters, showing again that scleral and LC properties and their interactions were the 
most influential on ONH biomechanics, but also adding that no one factor had the highest 
influence on all outcome measures or singlehandedly produced large strains (Sigal, 2009). 
Along this same vein of thought, two later studies made use of the parameterized ONH 
model to run hundreds of thousands of model iterations to investigate how ONH response 
patterns might be distributed in large populations (Sigal et al., 2012; Voorhees et al., 
2016). The results were surprising. The first study showed that the majority of ONH 
responses were confined to a small percentage of the entire response region, meaning 
that parameters in the ONH interact to deform under IOP in a consistent way (Sigal et al., 
2012). The later study showed that atypical ONH features do not usually lead to atypical 
ONH response and that ONHs with typical response patterns often have one or multiple 
atypical features. The implication of these interaction studies is that the ONH reacts to IOP 
in difficult-to-understand and even non-intuitive ways, i.e. that a “weak” ONH is likely not 
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recognizable based on analysis of a few characteristics. Instead, to truly be able to identify 
vulnerable ONHs with high certainty, a comprehensive analysis of anatomic features and 
material properties is required. 
 
Figure 6. Examples of ONH finite element models. A.: The first parameterized 
model of the human ONH from (Sigal et al., 2005) with geometric parameters 
indicated. B.: Human eye model used for eye movement studies from (Wang et al., 
2017). C.: Updated version of the parameterized ONH model from (Hua et al., 2018) 
with geometric parameters, loads, and optic nerve boundary conditions indicated. 
D.: The process for building subject-specific microscale models of the LC beams 
and neural tissue from (Voorhees et al., 2017). 
One other recent effort is of note. Recently, Hua et al. published a follow up study to 
the 2005 sensitivity analysis (Hua et al., 2018). The model geometry was updated to 
include the dura mater and central retinal vessels, and a longer optic nerve and sheath, 
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and model conditions were updated to include blood pressure, CSFp, and constraints on 
the posterior end of the optic nerve. The authors found an updated list of the six most 
influential factors on ONH biomechanical response, placing IOP and nerve constraints as 
the top two factors, followed by the sclera modulus, LC modulus, dura mater modulus, 
and CSFp. The study also found that changes in IOP and CSFp produced very different 
effects on the system (not simply opposite effects), meaning that the translaminar 
pressure difference may not be a good metric for inferring ONH biomechanical response 
in vivo. Note that this assessment excludes direct effects on RGC axonal transport. 
2.4.3.2 Individual-Specific Models of the ONH Response to IOP 
Individual-specific modeling is a valuable complement to parametric studies. 
Specifically, it can identify ONH responses that only manifest when a highly specific 
combination of parameters exists, including anatomical features than cannot be 
represented in generic models. Most individual-specific modeling to date has focused on 
matching model geometry with true anatomy, since accurate and localized material 
properties are much more difficult to obtain. 
In addition to the generic model, Sigal and colleagues built ONH models with fully 
individual-specific geometry and added the quantification of compressive and shear strain 
to their analysis (Sigal et al., 2009, 2007, 2009). The new geometry resulted in less 
symmetric patterns of strain than the generic model, but differences in strain magnitudes 
and patterns were similar between different eyes. However, changes in material properties 
produced large variations in strain magnitudes, showing that material properties may be 
more important than anatomical differences for explaining susceptibility to elevated IOP. 
In addition, the authors found that the most common mode of strain was compressive, 
with median values around 7% to 9% in the LC. No other studies to date have built fully 
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individual-specific model geometries of human ONHs with the full list of tissues seen in 
the generic models, and no studies have incorporated individual-specific material 
properties in these models. 
2.4.3.3 Modeling the Effect of IOP on the Sclera and LC 
Motivated by the results of the sensitivity analyses, some studies focused on 
modelling the sclera and/or LC when exposed to elevated IOP. In one such study which 
modelled the sclera and LC as linear elastic solids, Sigal et al. used morphing methods to 
generate an array of models with different LC geometries and scleral thicknesses (Sigal 
et al., 2010, 2011). They found that in most cases, the scleral canal expanded and pulled 
the LC taught as expected, but in other cases, especially with a stiff sclera or shallow LC, 
LC deepening occurred. 
Other modeling efforts focused on representing the contribution of the LC’s 
connective tissue beam structure to its mechanical response. Downs et al. used an 
elegant multiscale modeling approach to compute stress and strains in individual LC 
beams (Downs et al., 2009). They generated several individual-specific scleral shells and 
LC models from monkey eyes, assigning orthotropic linear elastic properties to each 
element in the LC based on connective tissue volume fraction and beam direction data. 
They projected deformation results to individual-specific sections of LC beam structures, 
and showed that stress and strain in individual beams were much higher than those 
predicted in continuum models, an expected but important finding. Roberts et al. continued 
this work in two follow up studies on normal and EG monkey eyes (Roberts et al., 2010, 
2010). They abandoned the multiscale modeling but showed with the microstructure-
informed continuum models that strain inversely correlated with connective tissue volume 
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fraction, strain tended to be highest in the temporal region of the monkey LCs, and the 
remodeling effects in EG eyes resulted in reduced scleral canal expansion and LC strains. 
Recently a similar and more advanced pair of studies was conducted by Voorhees 
et al. The authors used polarized light microscopy to obtain highly localized fiber density 
and direction data of sheep eyes and used this data to inform a “meso-scale” continuum 
model of the peripapillary sclera and LC, and to build microscale models of sections in the 
LC that precisely adhered to beam and pore geometry (Voorhees et al., 2017). After 
applying deformation data to the microscale models as boundary conditions, they showed 
that neural tissue in the pores experienced high strains (7 % to 12 %), pores near the 
boundary had the highest strains, and material property variations scaled strains up or 
down but did not change their pattern. In the second study, the authors demonstrated that 
pore shape and size was predictive of neural tissue strains within them (Voorhees et al., 
2017). 
Lastly, Coudrillier et al. focused on the effects of scleral anisotropy on LC strains 
(Coudrillier et al., 2013). First, the authors obtained fiber alignment data from wide-angle 
X-ray scattering, fiber and matrix stiffness data from inverse finite element modeling, and 
scleral geometry data, and incorporated this information into fiber-reinforced scleral shell 
models each with a generic LC represented as a continuum with neo-Hookean properties. 
By progressively decreasing the level of anisotropy of the sclera in their models, they 
showed that lowering anisotropy in the mid-posterior sclera had little effect on LC 
deformation, but changing the peripapillary sclera to be isotropic resulted in large 
increases in scleral canal expansion and LC stress and strain.  
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2.4.3.4 Modeling the Effect of non-IOP Loads on the ONH 
At least two other groups have added tissues to the original generic model developed 
by Sigal et al. to study how factors other than IOP affect stress and strain in the ONH. 
Wang et al. published two studies examining the effects of eye movements using a 
sophisticated generic eye model. They added the dura mater, extra-orbital fat, and 
adjacent bony margins to model geometry, and they improved material properties by 
modeling the sclera and LC as Mooney-Rivlin solids reinforced by collagen fibers and 
modeling the dura and pia mater as strain-stiffening, isotropic solids. (Wang et al., 2016). 
Interestingly, they found that common eye movements produced strains in the ONH that 
were larger than those produced by an IOP of 50 mmHg, and that these strains were 
reduced with a stiff sclera but increased with a stiff dura mater. Next, the authors added 
the choroid and BM, represented as linear elastic solids, and added the scleral fiber ring. 
They found that eye turn movements produced large stress concentrations in the 
peripapillary sclera (Wang et al., 2017). 
Jin et al. further added to this model, including the effects of pulsating blood pressure 
in arteries and veins that pass through the sclera and choroid, and modelled the choroid 
as a biphasic solid (Jin et al., 2018). The showed that pulsations expanded the choroid 
and induced shearing in the ONH neural tissues, and that increasing scleral stiffness 
resulted in more shear. 
Lastly, Feola et al. developed an axisymmetric ONH model to investigate the effects 
of elevated CSFp during space flight (Feola et al., 2016) and repurposed it to examine the 
effects of choroidal swelling (Feola et al., 2018). They included the central retinal vessels, 
dura mater, BM, and choroid, and they also modelled the scleral, pia mater, and dura 
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mater as fiber-reinforced solids. The study showed that choroidal swelling alone could 
result in ONH strains at levels experienced by an IOP of 30 mmHg. 
In summary, the collection of ONH models produced to date has been an invaluable 
source of information for the glaucoma field. The sensitivity and interaction studies 
especially are useful for identifying important ONH characteristics and their effects in ways 
that would be impossible or impractical to do experimentally. The evolution of model 
fidelity and resulting development (and even changing of conclusions over the years) 
shows that it is valuable for researchers to continue adding details and improvements to 
the current models. A major point of development that needs to occur is the integration of 
individual-specific material properties and anatomy. As demonstrated by the interaction 
and individual-specific studies to date, differences in ONH morphology are not enough to 
explain the range in susceptibility to elevated IOP seen clinically. Lastly, recent additions 
to the ONH modeling library, such as the eye rotation models, are pushing the field to 
explore how loads other than IOP could affect ONH biomechanics and the glaucomatous 
process. It is important for future studies and clinical practice to keep in mind how these 
other modes of insult might interact with more commonly considered glaucoma risk factors 
to contribute to the disease process. Taken as a group, these studies demonstrate the 
importance of modeling in glaucoma biomechanics and show how models can help 
researchers to gain a better understanding of the ONH biomechanical environment. 
2.5 The Rat Model of Glaucoma 
Rodent models of glaucoma are widely used because they provide several 
advantages over large animal models (Morrison et al., 2011). They are relatively 
inexpensive and easy to house and handle, inbred strains provide study subjects with very 
low genetic variability, a wide array of cell-biology techniques can be utilized on rodents, 
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and mice can be genetically manipulated and the ability to do so is becoming easier in 
rats (Meek et al., 2017). Comparing rats vs. mice for usefulness in glaucoma studies, the 
rat eye is much easier to handle and to perform certain biomechanical tests on due to its 
larger size. Although several rat glaucoma models have been used in the past that do not 
focus on the elevation of IOP, only the ocular hypertensive models will be considered here. 
2.5.1 Methods for Inducing Ocular Hypertension 
The goal of ocular hypertensive models is to produce a mild to moderate (to avoid 
non-glaucomatous injury such as ischemia) IOP elevation in the experimental eye that is 
sustained over weeks, resulting in glaucomatous damage to the ONH. For example, 
average IOP in an awake Brown Norway rat is approximately 20 mmHg, and a sustained 
pressure elevation of 5 mmHg to 10 mmHg is sufficient to produce damage (Jia et al., 
2000). There are five main methods for inducing ocular hypertension in rats to mimic 
primary open angle glaucoma: microbead injection into the anterior chamber, episcleral 
vein cauterization, laser-induced scarring of aqueous outflow passages, injection of 
hypertonic saline into episcleral veins, and the relatively new controlled elevation of IOP 
(CEI) model (Morrison et al., 2016, 2011). However, the cautery model has been shown 
to be less appropriate than the others because it does not actually obstruct aqueous 
humor outflow passages as originally thought (Nissirios et al., 2008). Note that the other 
models except for the CEI model involve obstructing outflow of aqueous humor. The 
microbead model obstructs flow through the trabecular meshwork by either using aqueous 
flow or a magnet to deliver injected microbeads into the trabecular meshwork region 
(Morgan & Tribble, 2015). The laser model involves irradiating the limbal vasculature 
(vasculature at the transition between sclera and cornea near the trabecular meshwork) 
to induce scarring, thus blocking aqueous outflow (Morrison et al., 2008). Injecting 
hypertonic saline into episcleral veins also results in scarring of aqueous outflow passages 
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(Morrison et al., 1997). Finally, the CEI model involves inserting a needle attached to a 
fluid reservoir into the anterior chamber of an anesthetized rat and using it to hold IOP at 
an elevated pressure for 8 hours. Unlike the other methods, the CEI model has close 
control over IOP and always induces a low amount of damage to the ONH, making it useful 
for studying the earliest stages in the glaucomatous process. 
2.5.2 Advantages and Pathophysiology of Rat Glaucoma Models 
The rat is a widely-used animal model for glaucoma for several reasons. First, ocular 
hypertensive rat models of glaucoma present with similar damage patterns as occur in 
human glaucoma, including RGC apoptosis (Guo et al., 2005; Hanninen et al., 2002; 
Johnson et al., 2000), ECM deposits in the ONH indicative of remodeling (Johnson et al., 
1996, 2000), astrocyte activation and migration (Dai et al., 2012; Li et al., 2015; Tehrani 
et al., 2016, 2014), and blockage of axonal transport (Zhang et al., 2015). Further, the 
ONH is a main and early site of damage (Morrison et al., 1997; Pease et al., 2000; Quigley 
et al., 2000). Second, consistent regional patterns of cellular response that occur in rat EG 
offer unique opportunities for the study of RGC pathogenesis. Namely, RGC axons tend 
to degenerate in the superior nerve first before the damage spreads (Dai et al., 2012; 
Morrison et al., 2015), and the mechanosensitive ONH astrocytes reorient their processes 
from perpendicular to parallel to the nerve axis in the inferior nerve first (Tehrani et al., 
2016, 2014). The regionally-specific and seemingly contradictory patterns of these 
responses provide useful biological outcomes with which to compare regional 
biomechanical outcomes. Third, as mentioned, rodent models like the rat are much less 
expensive and much easier to manage than monkey models, making them more useful 
for mechanistic studies that require a high number of subjects. 
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2.5.3 Rat Optic Nerve Head Anatomy Compared to the Human 
However, there are substantial differences between rat and human ONH anatomy 
(Morrison et al., 2011; Pazos et al., 2015), including 5 differences that are of particular 
interest as seen in Figure 7. 1) The rat lacks a connective tissue lamina cribrosa spanning 
the neurovascular scleral canal, although a few collagenous septa exist along with 
capillaries that traverse the canal. In addition, at the level of the sclera, a dense network 
of astrocytes is arrayed perpendicular to the nerve axis in a pattern similar to that of the 
human LC beams. 2) The central retinal vein (CRV) and artery (CRA) pass through the 
sclera on the inferior side of the nerve, rather than along the center of the optic nerve. At 
the level of the sclera, they divide, with the CRA passing into a separate canal in the sclera 
and the CRV travelling along the pia mater. 3) There is a vascular plexus between the 
optic nerve and the sclera on the nerve’s superior side. It is referred to as the perineural 
vascular plexus (PNVP) and seems to be continuous with and similar in nature to the 
choroid. The existence of the PNVP is the reason why the main scleral canal in the rat is 
sometimes called the neurovascular canal. 4) There is a separate canal in the sclera 
inferior to the neurovascular canal through which a series of arteries, including the CRA, 
pass. It will be referred to as the inferior arterial canal (IAC). A “sling” of scleral tissue 
separates the two scleral openings. 5) BM has an “overhang” region on the superior side 




Figure 7. Histologic section of the rat (A) and schematic drawing of the human (B) 
ONH illustrating their anatomical differences, including 5 key differences of 
particular interest 1)-5) as described in the text. Abbreviations: central retinal 
artery (A) and central retinal vein (V). From (Schwaner et al., 2018). 
These anatomical features are likely to influence rat ONH biomechanics, and the 
lack of connective tissue LC is especially concerning for correctly interpreting results from 
rat EG studies. However, these anatomical differences present both a challenge and an 
opportunity. It can be challenging to interpret what rat EG results mean for human 
glaucoma, especially from studies in which biomechanics are a main focus. However, 
understanding how biomechanical insult leads to RGC apoptosis even in the absence of 
an LC could provide a unique perspective that sheds light on RGC pathogenesis in human 
glaucoma. 
2.5.4 Previous Studies on Rodent ONH Biomechanics 
To date, rat ONH biomechanics have not been characterized, but there are a few 
related studies of note. Two different groups quantified scleral fiber orientation in rat eyes. 
Girard et al. used small-angle light scattering to map fiber orientation and degree of 
alignment throughout the entire eye (Girard et al., 2011), and Baumann et al. used 
polarization-sensitive OCT to determine fiber direction in the peripapillary sclera 
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(Baumann et al., 2014). Fibers were most highly aligned at the equator but also showed 
alignment at the peripapillary sclera and anterior sclera. The primary fiber direction was 
circumferential at the peripapillary sclera and limbus and close to meridional everywhere 
else. 
Fortune and colleagues used OCT to visualize the rat ONH and retina while 
undergoing controlled IOP elevation at levels ranging from 40 mmHg to 70 mmHg (Fortune 
et al., 2011). They observed retinal thinning, posterior displacement of the ONH as a 
whole, and outward bowing of the peripapillary sclera and attached tissues, but they did 
not see any changes to BM opening size. Due to limitations with OCT at the time, they 
were not able to quantify any other deformation measures. Notably, IOP elevation to 70 
mmHg interfered with retinal blood flow. 
Finally, since the anatomy is similar to that of a rat, three biomechanics related 
studies on the mouse eye are of note. Myers et al. and Nguyen et al. used inflation testing 
and DIC to quantify the expansion of the globe at IOP up to 45 mmHg (Myers et al., 2010; 
Nguyen et al., 2013). They were able to make eye-to-eye stiffness comparisons, first 
showing that younger eyes are stiffer than older ones, and then showing that the CD1 
strain which has higher susceptibility to RGC damage also experiences higher scleral 
strain than B6 mice. However, they were not able to provide true material property values. 
In an impressive study, Ngyuen et al. used multiphoton microscopy and DVC to quantify 
in vitro deformation in mouse eye explants that were genetically modified to have their 
astrocytes express GFP (Nguyen et al., 2017). They found that strains were greatest in 
the temporal-nasal direction, the peripapillary sclera opening expanded over the course 
of several days, and that astrocytes reoriented their processes to be parallel to the nerve 
axis. Lastly, Kimball et al. showed that cross-linking of the sclera induced by 
glyceraldehyde injection resulted in increased RGC death in a mouse glaucoma model 
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(Kimball et al., 2014). This was surprising, since previous modeling and experimental 
studies have indicated that a stiffer sclera results in reduced ONH strains. 
In summary, rat models of ocular hypertension are well established and have 
advantages that make them a valuable and necessary complement to monkey glaucoma 
models. Specifically, they provide an opportunity for detailed mechanistic studies that can 
answer many of the open questions in glaucoma pathophysiology. However, since the link 
between biomechanical insult and cellular responses in glaucoma represents a primary 
gap in knowledge of the field, this opportunity will be missed if rat ONH biomechanics are 
not characterized. This thesis aims to provide this characterization to the glaucoma 
research community, with the ultimate goal of learning more about the effects of 
biomechanics on RGC pathogenesis. 
2.6 Organization of this Thesis 
The following chapters were written as journal articles. Thus, when I refer to 
“previous work”, I am referring to other chapters in the thesis. In addition, when I cite other 
chapters in this thesis, as (Schwaner, Submitted), the citation may refer to work that has 
not actually been submitted as of the date of this thesis but whose submission is imminent. 
The “Submission Details” section at the beginning of each chapter provides more 
information on this point, including the author list and abstract. Lastly, I note that the last 
two Chapters in this thesis were completed “out of order”, i.e. Chapter 6 was completed 
before Chapter 5. Chapters 5 and 6 were originally being done in parallel, but rather than 
wait for Chapter 5 to be completed, I completely finished Chapter 6, as it was unclear how 
long the final troubleshooting steps in Chapter 5 would take. Finally, when citing work that 
has not yet been published, (Schwaner, Submitted-a) will refer to Chapter 4, (Schwaner, 
Submitted-b) will refer to Chapter 6, and (Schwaner, Submitted-c) will refer to Chapter 5.  
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CHAPTER 3. A METHODOLOGY FOR INDIVIDUAL-SPECIFIC 
MODELING OF RAT OPTIC NERVE HEAD BIOMECHANICS IN 
GLAUCOMA 
3.1 Submission Details 
Authors: Stephen A. Schwaner, Alison M. Kight, Robert N. Perry, Marta Pazos, Hongli 
Yang, Elaine C. Johnson, John C. Morrison, Claude F. Burgoyne, C. Ross Ethier 
Status: Published in The Journal of Biomechanical Engineering., 140(8), pp. 084501-1 – 
084501-10 
Abstract 
Glaucoma is the leading cause of irreversible blindness and involves the death of 
retinal ganglion cells (RGCs). Although biomechanics likely contributes to axonal injury 
within the optic nerve head (ONH), leading to RGC death, the pathways by which this 
occurs are not well understood. While rat models of glaucoma are well-suited for 
mechanistic studies, the anatomy of the rat ONH is different from the human, and the 
resulting differences in biomechanics have not been characterized. The aim of this study 
is to describe a methodology for building individual-specific finite element (FE) models of 
rat optic nerve heads. This method was used to build three rat ONH FE models and 
compute the biomechanical environment within these ONHs. Initial results show that rat 
ONH strains are larger and more asymmetric than those seen in human ONH modeling 
studies. This method provides a framework for building additional models of normotensive 
and glaucomatous rat ONHs. Comparing model strain patterns with patterns of cellular 
response seen in studies using rat glaucoma models will help us to learn more about the 
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link between biomechanics and glaucomatous cell death, which in turn may drive 
development of novel therapies for glaucoma.  
3.2 Introduction 
Glaucoma is the leading cause of irreversible blindness, affecting an estimated 70 
million people worldwide (Tham et al., 2014). Blindness in glaucoma patients is initiated 
by loss of retinal ganglion cell (RGC) axons, which transmit visual information from the 
retina to the brain. Elevated intraocular pressure (IOP) is a main and causative risk factor 
(AGIS7, 2010; Morrison et al., 1990), leading to the hypothesis that biomechanical insult 
is a key driver leading to RGC axon degeneration (Burgoyne, 2011). Current therapies all 
focus on lowering IOP, although this is not always effective at preventing further vision 
loss.  
The optic nerve head (ONH) is the location where RGC axon bundles exit the eye. 
In the human eye, axons pass through pores in a connective tissue web called the lamina 
cribrosa, which spans the scleral canal. The ONH has been identified as an early and 
primary region of glaucomatous damage for several reasons, including posterior bowing 
and remodeling of the lamina cribrosa (Downs et al., 2007; Roberts et al., 2009; Yang et 
al., 2007), remodeling of the surrounding sclera (Agapova et al., 2003; Bellezza et al., 
2003; Burgoyne et al., 1995; Girard et al., 2011; Hernandez, 2000; Hernandez et al., 2008; 
Morrison et al., 1990; Pena et al., 2001; Quigley et al., 1991, 1991), sectoral RGC axonal 
injury corresponding to the ONH (Quigley et al., 1981; Schlamp et al., 2006), and 
disruption of RGC axonal transport at the level of the lamina cribrosa (Gaasterland et al., 
1978; Quigley & Addicks, 1980). However, the pathways by which biomechanical insult 
results in RGC death are not well understood. Commonly proposed possibilities include 
direct mechanical insult to RGC axons, nutrition scarcity due to IOP-induced remodeling 
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or obstructed capillaries (Langham, 1980; Roberts et al., 2009), and decreased support 
from ONH resident cells (i.e. astrocytes) to RGCs due to mechanical activation (Morgan, 
2000, 2004; Quigley, 1999; Tehrani et al., 2016, 2014). This lack of understanding has 
prompted many studies on ONH biomechanics in several species, particularly in humans 
and monkeys (Chen et al., 2014; Coudrillier et al., 2013, 2015, 2015, 2012; Eilaghi et al., 
2010, 2010; Grytz et al., 2014, 2011; Norman et al., 2011; Sigal et al., 2009, 2011, 2005, 
2004, 2009). As IOP is elevated, stress and strain are increased in the ONH in complex 
patterns due to the intricate anatomy and mechanical behavior of ONH tissues. Although 
constantly improving imaging technologies are making it more possible to measure strain 
in vivo (Nguyen et al., 2017; Sigal et al., 2014), computational modeling remains a key 
tool for understanding the complex biomechanics of the ONH. Previous modeling studies 
on the human have identified scleral stiffness as the most important factor in glaucoma-
related ONH biomechanics (Sigal et al., 2009, 2005), and more recent studies have begun 
to explore the impact of lamina cribrosa and peripapillary scleral microstructure (Jan et al., 
2017; Sigal et al., 2014).  
In distinction to biomechanical studies, much of what we know about cellular 
behavior and degeneration in glaucoma has come from rodent model studies (Morrison et 
al., 2011). The rat is a particularly useful animal model for mechanistic glaucoma studies 
for several reasons. 1) Acute and chronic ocular hypertensive experimental glaucoma 
models exist for the rat and present with similar ONH pathophysiology as that seen 
clinically (Dai et al., 2012; Johnson et al., 1996; Morrison et al., 1997, 2016; Tehrani et al., 
2016). 2) Regional patterns of rat RGC loss and astrocyte activation offer unique 
opportunities for study. In experimental glaucoma rat studies, the RGC axons in the 
superior optic nerve tend to die first (Morrison et al., 2011). In addition, it was recently 
shown that mechanosensitive ONH astrocytes activate and reorient their processes in the 
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inferior nerve before those in the superior nerve (Tehrani et al., 2016). 3) Rodent 
experimental glaucoma models are necessary for high subject-number studies because 
they are less expensive and easier to manage than monkey models. 4) Rodent 
experimental glaucoma studies allow for better control of factors that may influence RGC 
death (vs. human).  
However, there are substantial differences between rat and human ONH anatomy 
(Morrison et al., 2011; Pazos et al., 2015) (Figure 8). 1) The rat lacks a connective tissue 
lamina cribrosa spanning the neurovascular scleral canal. 2) The central retinal vein (CRV) 
and artery (CRA) pass through the sclera on the inferior side of the nerve, rather than 
within the center of the optic nerve. 3) There is a vascular plexus between the optic nerve 
and the sclera of the neurovascular canal, referred to as the perineural vascular plexus 
(PNVP). 4) There is an additional canal in the sclera, the inferior arterial canal (IAC), which 
is separated from the neurovascular canal by a scleral sling. 5) BM extends into the nerve 
tissue on its superior side creating a BM overhang. These differences are likely to affect 
rat ONH biomechanics, and although several studies on rodent ONH biomechanics have 
been conducted (Campbell et al., 2017; Girard et al., 2011; Myers et al., 2010; Nguyen et 
al., 2017), no computational modeling study has been done to date. 
Therefore, there is a need for an in-depth characterization of the IOP-induced 
biomechanical environment in the rat ONH that will allow us to better interpret results from 
rat glaucoma studies. For example, comparing strain patterns in the ONH with patterns of 
biological response from rat experimental glaucoma studies could help us to determine 
the pathway between biomechanical insult and RGC death. This knowledge would assist 
in novel therapy development and early identification of at-risk patients. Our goal is to fill 
this need by using recently available data sets describing normal and glaucomatous rat 
ONH tissue anatomy (Pazos et al., 2015, 2016) to build individual-specific finite element 
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models of rat ONHs. We here present a method for building these models as well as initial 
results on strain patterns in the rat ONH. 
 
Figure 8. Histologic section of the rat (A) (modified from (Morrison et al., 2011)) 
and schematic drawing of the human (B) ONH (modified from (Henry Vandyke 
Carter, 1918))illustrating their anatomical differences, including 5 key differences 
of particular interest 1)-5) as described in the text. Abbreviations: central retinal 
artery (A) and central retinal vein (V). 
3.3 Methods 
3.3.1 Building Model Geometry 
3D digital reconstructions of optic nerve heads (ONHs) from normotensive, 
ostensibly normal rat eyes were built from histomorphometric data sets, collected as 
previously described (Pazos et al., 2015, 2016). Animals were male Brown Norway rats 
between 9.5 and 10.5 months of age. After animals were sacrificed via CO2 euthanasia, 
eyes were perfusion-fixed in situ while experiencing an estimated IOP of 10 mmHg and 
an estimated arterial pressure in the range of 40 – 100 mmHg. The justification for these 
values is given below. Eyes were enucleated and each ONH was removed using a 3 mm 
trephine and embedded in paraffin. The resulting block was serial sectioned at 1.5 µm 
thickness using an automated microtome starting at the vitreoretinal interface and 
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proceeding through the ONH. After each section was cut, the block surface was stained 
with a 1:1 (v/v) mixture of Ponceau S and acid fuchsin stains, then imaged at a resolution 
of 1.5 x 1.5 µm per pixel using a custom device. The images were then aligned and 
stacked into a digital 3D reconstruction of the ONH. In this work, we provide information 
on three reconstructions of three separate rat eyes (MR04OD, MR05OD, and MR10OS) 
from three separate rats. 
 
Figure 9. Manual delineation of tissue boundaries. A.) Radial section through rat 
ONH with tissue boundaries delineated: BM (orange), anterior scleral boundary 
(yellow), posterior scleral boundary (blue), neural boundary (green), posterior pia 
mater outer boundary (cyan). B) Cross section normal to nerve axis with tissue 
boundaries delineated: CRV (orange), CRA (red), IAC (blue). C) Point clouds 
produced from delineation of radial sections and cross sections. 
Using custom software (Multiview (Downs et al., 2007)), tissue boundaries were 
manually delineated (Figure 9). Bruch’s membrane (BM), the anterior scleral surface, the 
posterior scleral surface, neural boundary, outer posterior pia mater surface, and the side 
branches of the central retinal vein (CRV) were delineated by viewing radial sections 
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through the ONH. The anterior scleral canal opening, posterior scleral canal opening, and 
BM opening were also delineated in this view. The central retinal artery (CRA), main CRV 
lumen, and inferior arterial canal (IAC) were delineated by viewing transverse sections 
through the ONH. We chose to disregard the long posterior ciliary arteries which feed into 
the CRA just posterior to the globe. Depending on their placement within or just outside 
the sclera, different sections along their lengths were either considered part of the sclera, 
or were not included in delineation. We also did not include delineations of the dura mater 
because we decided to focus on tissues primarily influenced by IOP. The dura mater will 
be included in future studies that focus on changes in cerebrospinal fluid pressure. The 
resulting 3D point clouds describing tissue geometry were imported into Rhino 5 SR 14 
(Robert McNeel & Associates). 
Non-uniform rational basis spline (NURBS) surfaces were fit to the point clouds and 
were joined to create volumes representing each tissue (Figure 10) using Rhino. NURBS 
curves and surfaces are useful for representing complex geometries, such as those of 
biological tissues, because they offer a high degree of accuracy for representing free form 
geometry with lower memory requirements than faceted approximations of geometry. The 
Rhino T-Splines plugin (Autodesk Inc.) was used to build tissue geometries that were 
particularly difficult to represent, i.e. the three connecting branches of the CRV. Curves 
and surfaces were smoothed to make them more amenable to meshing. Smoothing of the 
original point cloud data occurred at several steps in the geometry building process. The 
chosen settings within Rhino fitting functions affected the smoothness of the resulting 
curve or surface. For example, forcing a curve to pass directly through every point in a 
given set often produced a jagged curve, so this requirement was usually relaxed. In 
addition, after the initial fitting of original point cloud data, sometimes curves and surfaces 
were smoothed using the built-in Rhino function “Smooth” and T-Splines function “Flatten”. 
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In addition to the outer surfaces of the IAC, CRA, and CRV which required smoothing in 
all three eyes, smoothing was done as needed to remove features such as small “wrinkles” 
or “sharp” sections within curves and surfaces, while taking care not to edit more 
prominent features of tissue morphology. The outer surfaces of the IAC, CRA, and CRV 
required smoothing in every model. Also, since tissues near the edges of the 
histomorphometric reconstructions were more prone to artifacts (tissue curling, bending, 
etc.) than those in the center, geometry outside of a 1.5 mm diameter cylinder centered at 
the center of BM opening was removed from the model. Boolean operations were used in 
areas where tissues intersected each other. For example, since the CRA passes through 
the BM, choroid, sclera, and IAC, the CRA geometry was subtracted from each of those 
tissues. This ensured that adjacent tissues shared common surfaces and helped to 
produce conforming meshes between tissues. In cases where the thickness of the tissue 
could not be determined from the reconstructions, a constant thickness was assumed. 
Specifically, we made thickness measurements of the CRV wall (3 µm), CRA wall (10 µm), 
and anterior pia mater (20 µm) from previously gathered histology slides of the rat ONH. 
The anterior pia mater was defined as being anterior to the posterior scleral surface. For 
model MR05OD only, which was the first model built before the above procedure had been 
refined, the posterior pia mater was also given a constant thickness of 20 µm; revising this 
model to make the small corrections to posterior pia mater thickness would have been 
labor intensive and would have likely had very small effects on model results. The BM was 
given a thickness of 3 µm based on published data on the human BM (Bailey et al., 2001; 
Candiello et al., 2007; Curcio & Johnson, 2012). After each model geometry was 
completed, a custom RhinoPython script was used to project the volume boundaries back 
onto the original reconstruction sections to ensure that ONH anatomy was accurately 
represented (Figure 12). In addition, a custom script was written to calculate the minimum 
distance between each delineation point and its respective tissue surface, representing 
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the error between the manual delineations and the resulting model geometries. Tissue 
volumes were then exported to Trelis 16.3.6 (Computation Simulation Software, LLC) for 
meshing. 
 
Figure 10. Overview of geometry building process. See text for abbreviations. A-E) 
Point cloud and surface fit of A) BM and sclera, B) optic nerve, C) CRA, D) IAC, E) 
CRV. F) Intersecting tissue surfaces before Boolean operations were performed. 
G) Superior-Inferior cut view of MR05OD model geometry. H)-P) Individual tissue 
volumes (not to scale): H) BM, I) choroid, J) sclera, K) optic nerve, L) PNVP, M) pia 
mater, N) IAC, O) CRV, P) CRA. 
3.3.2 Meshing and Constraints 
Because the model geometry was so complex, most of the model was meshed using 
tetrahedral elements. However, due to the thinness of BM, it could not be meshed using 
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tetrahedral elements without either using an unreasonably high mesh density or producing 
skewed element shapes. Meshing the entire volume of the choroid and sclera with 
tetrahedra also produced too many elements. To overcome these problems, we divided 
each ONH model into an inner region containing tissues with complex geometry (nerve, 
pia mater, CRV, CRA, PNVP, IAC) and an outer region containing only tissues with simpler 
geometry (sclera, choroid, BM) (Figure 11). The outer region was meshed with 8-node 
hexahedral elements. The inner region was meshed with a combination of 6-node wedge 
elements and 4-node tetrahedral elements. Since this meshing scheme created a 
nonconforming mesh between the simple region and complex region, tied constraints were 
implemented at these boundaries. A general contact without friction was also implemented 
between inner surfaces of the CRV vessel wall in the model of MR05OD because its CRV 
geometry resulted in contact between opposite sides of the CRV wall. 
 
Figure 11. Mixed meshing scheme. Tied constraints connect hexahedral elements 
along the model outside with tetrahedral and prism elements within the complex 
model center. 
3.3.3 Material Properties 
Since it has been established that connective tissues in the eye, especially the 
sclera, contain organized layers of collagen (Jan et al., 2017, 2017), nonlinear, anisotropic 
material models are appropriate for modeling their mechanical behavior. However, to our 
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knowledge, the mechanical behavior of rat ONH tissues has not been characterized. 
Therefore, as a first-pass effort, we modeled all tissues as isotropic, neo-Hookean solids. 
All tissues were assumed to be nearly incompressible and were thus given a Poisson’s 
ratio value of 0.49. We used tissue stiffness values (Table 1) from previous modeling 
studies on the human ONH for the sclera, pia mater, optic nerve, and central retinal 
vessels (Sigal et al., 2007, 2005, 2004, 2009). For BM and the choroid, we assumed 
values from the literature (Candiello et al., 2007; Chen et al., 2010, 2014; Curcio & 
Johnson, 2012). We assumed that the PNVP and IAC had the same material properties 
as the choroid, all highly vascularized tissues. 
Table 1. Tissue elastic modulus values. 
Tissue Elastic Modulus 
(MPa) 
Tissue Elastic Modulus 
(MPa) 
BM 7 Choroid 0.1 
Sclera 3 PNVP 0.1 
Pia Mater 3 IAC 0.1 
CRA Wall 0.3 Optic Nerve 0.03 




Our 3D point cloud data represents the ONH geometry at perfusion fixation 
pressures. We used a “relative displacement” approach to account for the preexisting 
stress and strain in the ONH at perfusion fixation. This approach provides a more accurate 
solution than neglecting the effects of prestress without having to implement more 
involved, iterative methods (Grytz & Downs, 2013). As prescribed by this approach, we 
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treated the model geometry as created from 3D point cloud data as the unloaded ONH 
geometry. We applied loads (IOP, CRA blood pressure (BP), and CRV BP) equal to those 
experienced by the ONH during perfusion fixation, and assumed that the resulting model 
state represented the pre-loaded reference configuration, i.e. was under the stress and 
strain experienced by the ONH at perfusion fixation. Next, we applied additional loads to 
bring the model to a glaucomatous loading state, and we calculated the change in strain 
relative to the pre-loaded reference configuration. 
3.3.4.1 Pre-Loaded Reference State 
IOP at fixation was estimated to be 10 mmHg based on previous experience with 
the IOP of anesthetized rats (Jia et al., 2000), and CRA BP at fixation was in the range of 
40 mmHg – 100 mmHg as measured by a pressure transducer connected to the perfusion 
line. We assumed the lower end of the CRA fixation BP range, and thus applied a large 
CRA BP in the second step of our model simulation to reach glaucomatous conditions. 
This corresponds to a “worst case scenario” in our model because applying a larger CRA 
BP is more likely to cause high strains within adjacent sections of the optic nerve. For 
example, in the cases of MR04OD and MR05OD, a small portion of anterior optic nerve 
tissue was in contact with the CRA and experienced strain due to expansion of the CRA. 
Finally, we assumed that CRV BP closely followed IOP (Flammer & Konieczka, 2015). In 
summary, we took the pressures experienced by the eye during perfusion fixation to be 
10 mmHg IOP, 10 mmHg CRV BP, and 40 mmHg CRA BP. IOP was applied to the anterior 
surfaces of BM, the optic nerve, the CRA, and the CRV, while CRA BP and CRV BP were 
applied to each vessel lumen. 
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3.3.4.2 Glaucomatous Loading State 
A daytime (light phase) IOP of approximately 30 mmHg and above will usually 
produce glaucomatous damage in a rat, depending on duration of exposure (Jia et al., 
2000, 2000; Morrison et al., 2005). We estimated that blood pressure in the CRA of an 
awake rat is likely around 110 mmHg (Heuven & Kiel, 2009; Jiang et al., 2018). It is difficult 
to determine CRV pressure, but we assumed that it closely follows IOP. Therefore, the 
pressure loads applied in the second step of our model simulation were 20 mmHg IOP, 
20 mmHg CRV BP, and 70 mmHg CRA BP, representing the increases in respective 
pressures over the pre-loaded reference state. All strains reported herein thus represent 
a change in strain from the pre-loaded reference configuration. 
3.3.5 Boundary Conditions 
We utilized a submodeling approach to apply realistic boundary conditions to the 
edges of each ONH FE model (Norman et al., 2011; Sigal et al., 2009, 2009, 2005). 
Submodeling involves solving a less detailed “full model” (in our case, the entire posterior 
half of the eye), that encompasses the true region of interest or “submodel” (in our case, 
the ONH). Displacements from the full model were mapped to nodes on the edges of the 
submodel and applied as boundary conditions using the Abaqus submodeling feature. We 
built a posterior eye model with simplified ONH geometry that included a choroid, sclera, 
optic nerve, PNVP, and IAC (Figure 12). We did not include the CRA and CRV because 
that level of detail would have required a much denser mesh. Since the long axis and 
diameter of the rat eye only differ by about 2% (Pazos et al., 2015), we modeled the 
posterior eye as a half sphere with a diameter of 6.41 mm (Pazos et al., 2015). The choroid 
and sclera had constant thicknesses of 100 µm and 60 µm, respectively (Pazos et al., 
2015). To generate a simplified ONH geometry, we measured the cross section of the 
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optic nerve, PNVP and IAC at the level of the anterior choroid, anterior sclera, and 
posterior sclera in 5 ONH geometries: 3 that were used in this study and 2 additional 
geometries. The nerve and PNVP cross sections were represented as ellipses, and the 
IAC cross sections were represented as half ellipses. To measure the dimensions of each 
tissue cross section, points were laid on the cross section boundary, a plane was fit 
through the points, and the points were projected to the plane using Rhino. A Matlab script 
was used to fit an ellipse through those points, and the major and minor axes were 
recorded as well as their center locations relative to BM opening. Each of these measures 
were averaged and used to create generalized tissue cross sections for the posterior eye 
model. Tissue volumes were generated by lofting a surface through the generalized cross 
sections. We applied boundary conditions to nodes on the flat, anterior surface of the 
posterior eye model. Nodes were allowed to move in the r direction, but were fixed in the 
z and θ directions. The z axis was coincident with the central axis of the half sphere (Figure 
12). As in the submodels, we applied IOP in two loading steps: 10 mmHg and an additional 
20 mmHg. IOP was applied to the anterior surface of the choroid and optic nerve. The 
material properties for each tissue were the same as for the submodel. 
3.3.5.1 Submodel/Posterior Eye Model Registration 
Matching between the submodel and posterior eye model was done via a 
combination of manual and automatic adjustments. First, the submodel geometry was 
manually translated and rotated until it closely matched the posterior eye geometry. We 
focused on matching the anterior scleral surfaces of the two models, especially at the 
edges of the submodel, and then tried to line up the nerve, PNVP, and IAC. Next, we 
overlaid points on the outer, anterior surface of the sclera, the PNVP cross section 
boundary at the level of the sclera, and the IAC cross section boundary at the level of the 
sclera for the submodel and posterior eye model. These points were imported into Matlab 
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and an automatic surface registration algorithm (Zhang, 1994) was used to make small 
adjustments. We then inspected the fit, and manually made fine adjustments as 
necessary. Since there were differences in scleral and choroidal thickness and surface 
contour between ONH models, it was impossible to produce matches which resulted in 
the entire submodel edge being contained within the posterior eye model geometry. For 
this reason, we added blocks of very soft material (elastic modulus of 0.01 MPa) to the 
anterior choroidal surface and posterior scleral surface of the posterior eye model where 
submodel boundaries sometimes protruded as a way to interpolate displacement values 
to the nodes at these protruding edges. 
 
Figure 12. Superior-Inferior cut plane view illustrating a match between individual-
specific model geometry (opaque) with generic posterior eye geometry (semi-
transparent). Tissue colors are the same as in Fig. 3. Transparent red blocks on 
anterior choroid and posterior sclera are the very soft material used to interpolate 
displacement values to any protruding individual-specific model edges. 
All simulations were run using Abaqus 2016 (Dassault Systèmes) on a virtual 
machine with an Intel Xeon CPU E5-26900 v3 @ 2.60GHz with 50 GB of RAM. Results 
were post-processed using the abaqus2matlab toolbox (Papazafeiropoulos et al., 2017), 
a custom Matlab script, and Paraview (Kitware, Inc.). 
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3.4 Results 
3.4.1 Model Geometry 
Average errors between the manual delineations and resulting model geometries for 
MR04OD, MR05OD, and MR10OS were 5.8 µm, 5.5 µm, and 5.0 µm, indicating that the 
model geometries closely matched the original delineations. Figure 13 shows an example 
of the good agreement between the MR05OD model geometry and the true ONH anatomy 
as illustrated by projecting points from the model edges back onto the original 
reconstruction sections. 
 
Figure 13. Projection of model tissue outlines onto digital section to ensure 
accurate representation of individual-specific tissue geometry. Note that the 
“shadow-like” appearance in parts of the section is an artifact of the 
reconstruction process. It occurs because highly pigmented tissue within the 
semi-transparent paraffin block can be seen even before it is cut by the 
microtome. 
3.4.2 Mesh Sensitivity 
We evaluated model sensitivity to mesh density by solving the MR05OD model with 
low, medium, and high-density meshes which had node counts of 87,429, 175,941, and 
340,016. In three out of the four quantified strain measures (listed below), the error 
between the high and medium-density meshes was substantially lower than the error 
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between the medium and low-density meshes (Table 2). In these three cases, error 
decreased to at most 1/5 of the original value. The exception was the relative error for 
average third principal strain, which increased from 0.56% to 1.17%. However, the relative 
error in all quantified strain measures between the medium-density mesh and high-density 
mesh was less than 2% of the medium density mesh strain values. For these reasons, we 
decided that the medium-density mesh was sufficient, and we ensured that the mesh 
density of each model was approximately at that of the medium-density mesh or greater. 
The resulting node counts for each model were 221,937 for MR04OD, 175,941 for 
MR05OD, and 412,175 for MR10OS. 
Table 2. Mesh density study results. 






First Principal Strain Mean 3.81% 3.96% 3.98% 
First Principal Strain 95th 
Percentile 
5.78% 5.85% 5.86% 
Third Principal Strain Mean -4.21% -4.24% -4.29% 
Third Principal Strain 5th 
Percentile 
-6.80% -6.83% -6.84% 
 
3.4.3 Optic Nerve Strain Patterns 
For the most part, patterns of strain were consistent between models, with first and 
third principal strain concentrations occurring in the inferior side of the anterior half of the 
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nerve (Figure 14). In two of the models, the nerve tissue came into contact with the CRA 
and strain concentrations were observed at this interface. The level of strain that occurred 
around the BM overhang on the superior side of the nerve varied between models. 
MR04OD experienced the most consistent elevation of strain along the BM overhang 
edge, while MR05OD presented with less strain near the BM overhang. 
We quantified the average and 95th percentile first principal strain and average and 
5th percentile third principal strain in the anterior nerve, defined as nerve tissue from the 
level of the BM to the level of the posterior scleral surface (about 150 µm posterior to BM) 
(Table 3). The 95th and 5th percentile values were chosen for quantification because they 
are a measure of the most extreme strains in the tissue, which are most likely to invoke a 
cellular response, while avoiding potential numerical errors associated with the 100th and 
1st percentile values, e.g. due to badly shaped elements. The second principal strain 
magnitudes were much lower than first or third principal strain values, so we focused on 
reporting the first and third principal strains. MR04OD and MR05OD had similar strain 
values but the values of MR04OD and MR10OS differed by as much as 27%. 
Table 3. Computed 1st and 3rd principal strains in the anterior optic nerve. 
 
First Principal Strain Third Principal Strain 
Model Mean 95th Percentile Mean 5th Percentile 
MR04OD 3.65% 5.74% -4.23% -6.61% 
MR05OD 3.96% 5.85% -4.24% -6.83% 
MR10OS 4.38% 7.11% -5.70% -8.40% 
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In earlier stages of methods development, we ran model simulations that did not 
include a preloading step, and therefore did not account for the effects of prestress (data 
not shown). However, adding in a preloading step did not significantly alter the overall 
strain patterns calculated by each model. Including the effects of prestress will likely be 
more important for future versions of the models that account for the nonlinear stiffening 
behavior of the sclera (see below). 
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Figure 14. Computed 1st and 3rd principal strain patterns for 3 different rat ONH 
models: MR04OD (top left), MR05OD (top right), and MR10OS (bottom left). 
Superior (S), inferior (I), nasal (N), and temporal (T) directions are indicated. Top 
rows show en face view, middle rows show S-I cut view, and bottom rows show T-
N cut view. Tissue colors are the same as in Figure 10. All scale bars are 100 µm. 
All three models have primary strain concentrations along the inferior side of the 
anterior nerve. MR10OS and MR04OD have more prominent strain concentrations 
around the BM overhang edge than MR05OD. MR10OS has particularly high strain 
concentrations in the inferior nerve as seen from the en face view. 
3.5 Discussion 
Our methodology is capable of producing rat ONH finite element models which 
closely adhere to the true, complex rat ONH anatomy. This is made evident when the 
tissue boundaries of our models are overlaid on the original digital rat ONH reconstructions 
Figure 13). This was consistent with our finding that the highest average error between 
model geometry and the tissue delineations was only 5.8 µm.  
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As expected, our initial results predict different strain patterns and higher strain 
magnitudes than those previously reported in human ONH modeling studies. The human 
ONH has a higher degree of anatomical symmetry, with ONH tissues being arranged in 
an approximately axisymmetric pattern around the central retinal vessels. The rat ONH is 
somewhat symmetric about the sagittal plane, but is not axisymmetric like the human 
ONH. This affected strain patterns in the rat ONH models, with main strain concentrations 
occurring in the inferior nerve and, in the case of MR04OD and MR10OS, in the nerve 
tissue in contact with the BM overhang. We also expected that rat ONH strains would be 
higher than in the human, since the rat ONH lacks the biomechanical support of a 
collagenous lamina cribrosa as in the human ONH. Our models confirmed this 
expectation, with predicted strains at an IOP load of 20 mmHg (10 mmHg to 30 mmHg) 
similar to those seen in the human ONH at an IOP load of 45 mmHg (Sigal et al., 2009) 
(5 mmHg to 50 mmHg). For example, in the prelaminar neural tissue of the human ONH 
models, first principal strain median and 95th percentile values ranged from approximately 
2% to 4% and 5% to 9%, respectively, while third principal strain median and 5th percentile 
values ranged from approximately -4% to -5% and -9% to -13%. In all cases except for 
the third principal 5th percentile strains, the human values were about the same as those 
of the rat despite the human ONH being subjected to approximately double the IOP load 
that our rat ONH models were. 
This difference is likely due to the existence of a collagenous lamina cribrosa in the 
human ONH. It is also possible that other anatomical differences contributed to the 
generally higher strain levels in the rat. For example, scleral stiffness and thickness have 
previously been shown to strongly influence ONH strain in the human eye. Although the 
rat eye is only about 4 times smaller in diameter than the human eye, the rat sclera is 5 to 
10 times thinner than the human sclera (Pazos et al., 2015). In addition, the IAC creates 
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an additional “weak point” in the rat sclera that does not exist in the human sclera. The 
strains we predicted were also similar to those determined by a recent experimental study 
on strains in the mouse astrocytic lamina under an IOP elevation from 10 to 30 mmHg 
(Nguyen et al., 2017), which estimated mean strains in the nasal-temporal and superior-
inferior direction to be 5.21% and 3.74%, respectively.  
Although we expected our models to produce asymmetric stress and strain patterns 
in the optic nerve, we were surprised by the predominantly inferior localization of the strain 
concentrations. Since the BM was modelled with a large modulus (7 MPa) compared to 
the optic nerve (0.03 MPa), we expected to see the highest strain concentrations where 
the BM overhang contacted the nerve. In addition, previous rat glaucoma studies have 
reported a preferential superior pattern of RGC axonal degeneration (Tehrani et al., 2016, 
2014), leading us to predict that we would also see the highest levels of strain in the 
superior nerve. However, it was recently shown that astrocytes, known to be 
mechanosensitive, will reorient their processes in response to a chronic IOP elevation 
(Tehrani et al., 2014). A follow-up study, which exposed rats to an acute IOP elevation, 
demonstrated that astrocytes in the inferior optic nerve tended to reorient their processes 
before those in the superior optic nerve (Tehrani et al., 2016). This does seem to match 
with the prediction of our models that the most prominent strain concentrations occurred 
in the inferior nerve. As mentioned above, it is possible that these large strains primarily 
occur in the inferior nerve due in part to the inferior placement of the CRA, CRV, and IAC 
causing a weak region of the sclera just inferior to the scleral canal. At this point, we have 
only qualitatively compared patterns of strain between models, but plan to perform in-
depth quantification of regional nerve strain levels in future work. 
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3.5.1 Limitations 
The models presented here have several limitations, primarily due to simplifications 
made in the assumed tissue constitutive relations. First, the stiffnesses that we used in 
our model were either derived from measurements from other species or were educated 
estimates. It is likely that the values we chose are at least within the correct ranges for 
each tissue, but in the future, it will be important to determine properties that are specific 
to the rat ONH. In addition, the assumption that the tissues behave as isotropic neo-
Hookean solids falls short from modelling true soft tissue behavior in several ways. 
Notably, it does not capture the nonlinear stiffening behavior that soft tissues are known 
to exhibit as they experience increased strain. However, it is still useful to compare our 
model results to previous studies on the human ONH which also utilized linear elastic 
material models. Second, modelling tissues as isotropic gives them an unrealistically high 
bending stiffness, since connective tissues generally have a higher tensile strength than 
compressive strength. Third, the isotropic assumption also fails to account for differences 
in in-plane stiffness which likely exist due to organization of collagen fibers. The isotropic 
assumption is especially likely to cause error in the modelled scleral and pia mater 
behavior. We have plans to include the effects of collagen fibers in the sclera in future 
modeling attempts, and are interested to see if this will change the strain patterns we 
currently observe. Note that a representation of the pia mater with a lower compressive 
modulus could potentially decrease the strain concentration we currently see in the inferior 
nerve. 
In this study, we have only presented results from three models. Previous studies 
have shown that eye-to-eye variations in geometry can have noticeable effects on ONH 
strain values (Sigal et al., 2009), and we already saw differences in the models reported 
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here. Modeling efforts are ongoing and we plan to model eight normal rat ONH geometries 
in total. 
Although the histomorphometric method used to build the rat ONH digital 
reconstructions accurately preserves important anatomic and morphologic relationships, 
it is known that tissue fixation and tissue embedding cause differential shrinkage of tissue 
constituents which may distort ONH tissues prior to digital reconstruction and modeling 
(Yang et al., 2007). Currently, there is no strategy to identify, quantify, and correct for 
these effects in our reconstructions. Their effects on the predicted stress and strain levels 
and patterns in our models are therefore unknown. 
The computed results have not been experimentally validated. Although extremely 
challenging, it is possible that optical coherence tomography could be used to track the 
deformation of tissue landmarks during in vivo inflation testing of a rat eye and such 
displacements compared with computed values in the future. 
3.6 Conclusion 
We developed a method for creating individual-specific models of rat ONHs utilizing 
3D point cloud data sets, and presented initial strain results from three ONH models 
utilizing tissue properties similar to those previously used in earlier modeling studies on 
the human ONH (Sigal et al., 2004, 2009). Our models predicted more asymmetric strain 
patterns than in the human, higher strain magnitudes than in the human, and strain 
concentrations that align with recently reported patterns of astrocyte activation and 
reorientation. Applying this method to additional normotensive and glaucomatous rat 
ONHs and comparing their strain results to patterns of cell response from rat experimental 
glaucoma studies will help us to learn more about how biomechanics affects glaucoma 
pathophysiology.  
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CHAPTER 4. BIOMECHANICAL PROPERTIES OF THE RAT 
SCLERA OBTAINED WITH INVERSE FINITE ELEMENT 
MODELING 
4.1 Submission Details 
Authors: Stephen A. Schwaner, Bailey G. Hannon, Andrew J. Feola, C. Ross Ethier 
Submission Status: In preparation for Biomechanics and Modeling in Mechanobiology 
Abstract 
It is widely accepted that biomechanics plays an important role in glaucoma 
pathophysiology, but the mechanisms involved are largely unknown. Rats are a common 
animal model of glaucoma, and finite element models are being developed to provide 
much-needed insight into the biomechanical environment of the posterior rat eye. 
However, material properties of rat ocular tissues, including the sclera, are currently 
unknown. Since the sclera plays a major role in posterior segment ocular biomechanics, 
our goal was to use inverse finite element modeling to extract rat scleral material 
properties from experimental data. We first used digital image correlation to measure 
scleral surface displacement during whole-globe inflation testing. We modeled the sclera 
as a nonlinear material with embedded collagen fibers, then fit modeled displacements to 
experimental data using a differential evolution algorithm. Subject-specific models were 
constructed in which 3 parameters described the stiffness of the ground substance and 
collagen fibers in the posterior eye, and 16 parameters defined the primary orientation and 
alignment of fibers within eight scleral sub-regions. We successfully extracted scleral 
material properties for eight rat eyes. Model displacements recreated general patterns of 
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the experimental displacements but did not always match local patterns. The fiber 
directions and fiber concentration parameters were highly variable, but on average, fibers 
were aligned circumferentially and were more aligned in the peripapillary sclera than in 
the peripheral sclera. The material properties determined here will be used to inform future 
finite element models of the rat posterior eye with the goal of elucidating the role of 
biomechanics in glaucoma pathophysiology. 
4.2 Introduction 
Glaucoma is the second most prevalent cause of blindness worldwide (Tham et al., 
2014). Although it is widely accepted that biomechanics plays an important role in 
glaucoma, the specifics of this role are not well understood (Campbell et al., 2014). 
Elevated intraocular pressure (IOP) is a key risk factor in glaucoma, and computational 
modeling studies have shown that high IOP results in increased mechanical stress and 
strain in ocular tissues, particularly in the optic nerve head (ONH) region, a main and early 
site of glaucomatous damage (Hua et al., 2018; Quigley et al., 1981; Sigal et al., 2007, 
2004). However, it is not known exactly how biomechanical insult leads to axonal 
degeneration in the ONH, which is the cause of glaucomatous vision loss (Alqawlaq et al., 
2018; Quigley, 1999). 
Rodent models of glaucomatous optic neuropathy, such as the rat, have proven 
useful for mechanistic studies and also have certain advantages over monkey models 
because of their lower cost, ease of animal husbandry, and low genetic variability between 
individuals. However, rat ocular biomechanics have not been well characterized; in fact, 
our previous study is the only attempt to-date to perform computational modeling of rat 
ONH biomechanics (Schwaner et al., 2018). Computational modeling has the potential to 
provide the detailed biomechanical information necessary to investigate the relationships 
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between biomechanical insult and ONH pathophysiology, but to be accurate, this 
approach requires ONH tissue material property information. This information is not 
currently available for the rat. Previous work has shown that scleral stiffness is the most 
influential material property on ONH biomechanics in human modeling studies (Hua et al., 
2018; Sigal et al., 2005), and our preliminary studies have supported a similar finding in 
the rat (not published). Therefore, the purpose of this study was to determine material 
properties of the rat sclera. To do so, we carried out mechanical testing of rat sclera 
followed by inverse finite element modeling (FEM) to extract material parameter values 
from experimental data. 
The sclera is a tough connective tissue with a complex organization of collagen fibers 
(Gogola et al., 2018). Although it has been represented in some modeling studies as an 
isotropic solid (Hua et al., 2018; Sigal et al., 2004), in an effort to be true to the physiology, 
other studies have implemented material models that consist of an isotropic matrix 
reinforced by collagen fibers (Coudrillier et al., 2013; Feola et al., 2018; Wang et al., 2016). 
Previous studies characterizing scleral biomechanics have utilized a variety of methods 
including uniaxial strip testing (Chen et al., 2014), biaxial testing of scleral samples (Eilaghi 
et al., 2010), and whole globe inflation testing (Coudrillier et al., 2015; Girard et al., 2009; 
Myers et al., 2010). Whole globe inflation testing was used in the present study because 
it is the most physiologically relevant form of loading, because it allowed us to interrogate 
an intact sclera rather than excised samples, and because it is the most feasible method 
to perform on the small rat eye. We utilized inverse FEM to extract material properties 
from experimental scleral deformation data because it allowed us to assess regional 
scleral properties, account for local scleral thickness variation, and employ a fiber-
reinforced material model. The properties reported by this study will inform future efforts 
to model rat ONH biomechanics. 
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4.3 Methods 
4.3.1 Experimental Method 
4.3.1.1 Animals 
Twenty male Brown Norway rats (10-13 months old; Charles River Laboratories, 
Inc., Wilmington, MA) were used for this study. All procedures were approved by the 
Institutional Animal Care and Use Committee at the Georgia Institute of Technology. Some 
rats were removed from this study according to exclusion criteria discussed below. 
4.3.1.2 Optical Coherence Tomography Scanning 
The thickness of the sclera varies with position, and thus it was necessary to 
determine scleral thickness for inverse FEM (Norman et al., 2010); we accomplished this 
by performing in vivo spatial-domain optical coherence tomography (SD-OCT; Envisu 
R4300; Leica Microsystems, Buffalo Grove, IL) volume scans (Figure 15). Before SD-
OCT, animals were anesthetized with ketamine (60 mg) and xylazine (7.5 mg/kg) and a 
drop of topical tetracaine (1%) was applied to the eye. After induction of anesthesia, eyes 
were dilated with a topical drop of tropicamide (1%). We used SD-OCT to obtain five image 
volumes of the posterior region of each eye near the ONH. The first volume was centered 
on the ONH and then subsequent images were taken of the superior, inferior, temporal, 
and nasal regions adjacent to the ONH. All volumes included the ONH to aid in later image 
registration. Each image volume was a 2.7 mm by 2.7 mm rectangular scan consisting of 
100 b-scans with 1000 a-scans per b-scan. Note that the scans shown in Figure 15 do not 
appear rectangular because the rays outside of a 2.7 mm diameter circle are blocked by 
the edges of the imaging lens holder. Before each scan, the reference arm of the SD-OCT 
system was adjusted until the image of the sclera appeared “flat” on the screen, as is 
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standard practice. This corresponds to the situation in which all rays emitted by the SD-
OCT probe pass through a convergence point in the eye, ensuring that each ray travels 
the same distance before reaching the sclera. This in turn, allows accurate thickness 
measurements to be made. After SD-OCT, IOP was measured in each eye using a 
Tonolab tonometer (Icare, Raleigh, NC) previously calibrated in-house by elevating IOP 
between 5-50 mmHg using a hydrostatic column (data not shown). An average of six IOP 
measurements was taken to be the anesthetized IOP of the rat. 
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Figure 15 Measuring scleral thickness from SD-OCT scans. A. SD-OCT B-scan 
with the anterior (yellow) and posterior (cyan) scleral surfaces delineated. B. 
Average intensity projection through the sclera, choroid, and retina. Red line 
indicates b-scan in panel A. C. Registration of two SD-OCT volume scans, 
obtained by aligning the ONH and retinal vessels as seen in two average intensity 
projection images. D. Registration of the same two SD-OCT volume scans in the 
axial direction by aligning the anterior scleral surface as seen in two b-scans 
passing through the ONH. The colors in this panel are identical to those in panel 
C. E. Schematic detailing how thickness data from five SD-OCT volumes was 
combined into a single thickness map. F. Typical final thickness map for a rat 
sclera. 
4.3.1.3 Whole-Globe Inflation Testing 
We implemented an established inflation testing method described elsewhere 
(Hannon et al., 2019. Submitted). Briefly, after animals were euthanized by CO2 
asphyxiation, their eyes were removed and cleaned of extra-orbital tissue. It was 
necessary to leave a small amount of tissue surrounding the ONH to prevent leaking 
during inflation testing. After cutting a hole in the cornea, the eye was secured, cornea 
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side down, to a testing apparatus using superglue, and a speckle pattern was applied to 
the posterior scleral surface using graphite powder (#970 PG, General Pencil Company, 
Inc., Redwood City, CA). The rig was filled with baby oil to prevent drying of the eye and 
attached to an inflation testing setup via Luer connections (Figure 16). IOP was controlled 
by changing the height of a reservoir containing 1X phosphate buffered saline (PBS) in 
series with the eye. 
All measurement equipment was calibrated regularly before testing. The pressure 
transducer was calibrated by raising the reservoir through a series of pressure steps to 
correlate sensor voltage with known pressures. Weekly intrinsic and daily extrinsic 
calibrations of two stereo cameras (Dantec Dynamics, Holtsville, NY) were performed with 
a calibration target according to manufacturer protocols. During extrinsic calibration, the 
calibration target was submerged in mineral oil at the level of the eye to ensure 
compensation for the refractive index of mineral oil. The eye was imaged during the 
inflation test with a 100 ms exposure time. 
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Figure 16. Whole-globe inflation testing setup. A. Schematic of the testing rig. B. 
Schematic of the whole globe inflation testing apparatus. C. Overhead view of the 
sclera before graphite speckle pattern was applied. D. DIC camera view of the 
sclera after application of graphite speckle pattern. E. Facet overlay displaying z 
displacement (toward the camera) of the scleral surface at the end of an inflation 
test. A. and B. from (Hannon et al. 2019. Submitted). 
Preconditioning was carried out by first ramping IOP to 15 mmHg and holding for 5 
minutes, and then performing 10 load-unload cycles from 3 to 15 mmHg at a rate of 0.5 
mmHg/second. The eye was allowed to reach a steady state at 3 mmHg (see below), and 
then subjected to a series of pressure steps: 3 – 6 mmHg, 6 – 9 mmHg, 9 – 12 mmHg, 12 
– 20 mmHg, and 20 – 30 mmHg. IOP and flow rate of PBS into the eye were monitored 
using a gage pressure transducer (142PC01G; Honeywell, Charlotte, NC) and an in-line 
flow sensor (SLG64-0075; Sensiron, Stafa, Switzerland). Before each pressure step, the 
eye was allowed to creep until it reached a steady state, as determined by monitoring the 
flow rate into the eye over time. Note that since the flow sensor acted as a resistor in 
series between the fluid reservoir and the eye, IOP at steady state was always slightly 
below the pressure applied to the system. iPerfusion software was used to record IOP and 
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flow data and to control the fluid reservoir (Sherwood et al., 2016). During the test, the two 
stereo cameras captured images of the scleral surface at a frame rate of one image every 
30 seconds. In some eyes, PBS leakage occurred either through the ONH region, through 
vessels in the sclera, or through the glue securing the eye to the testing rig. These eyes 
(32 of 40) were excluded from the study. The remaining eight eyes were from eight rats. 
4.3.1.4 Digital Image Correlation 
Istra 4D digital image correlation (DIC) software (v2.5.1, Dantec Dynamics, 
Holtsville, NY), was used to calculate the shape and deformation of the surface of the 
sclera from images taken during testing. The algorithm produced a 3D facet map 
overlaying the surface of the eye. The correlation parameters used were as follows: facet 
size of 45 pixels, grid spacing of 28 pixels, maximum permissible start point accuracy of 
0.2 pixels, residuum of 30 grey values, and 3D residuum of 1.1 pixels. In 3D space, the 
resulting facet grid spacing was approximately 150 µm.  
Displacement data was smoothed using parameters recommended by Dantec 
Dynamics: a grid reduction factor (minimizing the difference between the data point and 
the spline function) of 2 for displacement and contours, and a smoothness factor 
(straightens filtered data) of -0.5 for displacement and 0 for contours. Further 
postprocessing was accomplished using custom MATLAB (2017a; MathWorks, Natick, 
MA) scripts, as follows. The image taken one minute before the first pressure step, during 
which the eye was at an IOP of approximately 3 mmHg, was selected as the reference 
state. The x, y, and z displacements of each correlated facet were averaged over the last 
five images after reaching equilibrium at each pressure step. This average displacement 
was taken as the displacement of each facet at the given pressure. Only facets that were 
correlated in all of the last five images at the end of each of the five pressure steps were 
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used for analysis. Facets that were obvious outliers, e.g. had displacement values that far 
exceeded those of immediately neighboring facets, were removed by manual inspection. 
The displacement “noise floor” of the DIC system was estimated by applying a 
speckle pattern to a glass bead that was approximately the size of a rat eye and imaging 
the eye with the stereo cameras over the course of six hours. From this test, the estimated 
noise floor was 0.3 µm. 
4.3.1.5 Scleral Thickness Measurements 
We measured sclera thickness from the SD-OCT volume scans using a custom 
MATLAB script to view and make delineations on b-scans throughout the volumes. In brief, 
we delineated the boundaries of the sclera, the optic nerve, and the long posterior ciliary 
arteries (LPCAs) throughout each of the five SD-OCT scan volumes for each eye. Since 
the SD-OCT system did not track the relative locations of scan volumes from the same 
eye, the five volume scans had to be co-registered, as follows. An average intensity 
projection that clearly showed the retinal vessels and a b-scan passing through the ONH 
center were exported for each volume. The image slices for the intensity projections were 
selected such that each resulting image clearly showed the retinal vessels. We used a 
custom MATLAB script to register adjacent volumes (images of the superior, inferior, 
temporal, and nasal regions) with the central volume (image of the ONH) by aligning the 
ONH and retinal vessels in the intensity projection images, and by aligning the anterior 
scleral boundary at the ONH in the b-scans. A separate custom MATLAB script was used 
to measure scleral thickness by fitting splines to the delineation points on the anterior and 
posterior scleral surfaces, and by then extracting the axial distance (distance along an a-
scan) between them at 0.1 mm intervals. 
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Figure 17. Registration of thickness data with DIC data. A1. Image of eye without 
speckle pattern applied. A2. Eye with speckle pattern applied and LPCAs (red) and 
optic nerve (green) delineated. Panel C (top view) and panel B (side view) show 
the same steps from different viewpoints. B1. and C1. Optic nerve (green) and 
LPCA (red) delineations from DIC image mapped to 3D coordinates using DIC 
facet map (yellow). B2. and C2. Surface (orange) fit through the DIC facets forming 
the posterior surface of the sclera model. B3. and C3. SD-OCT delineations of the 
sclera (blue), LPCAs (red), and optic nerve (green) manually registered to DIC 
data. Arrows in B3 indicate how the thickness map was projected to the posterior 
model surface. B4. and C4. Model after thickness data was applied and the model 
was split up into eight regions. The ONH region is shown in green, the 
peripapillary regions are shown in red, and the peripheral regions are in blue. D1. 
SD-OCT delineations of the sclera (blue), LPCAs (red), and optic nerve (green). D2. 
Average intensity projection of slices from an SD-OCT volume in which the LPCAs 
and optic nerve are visible. 
Since the five SD-OCT volumes overlapped and did not usually fully 
encompass the region visualized by DIC imaging, the following approach was used 
to generate a thickness map (Figure 15E). All locations within the central SD-OCT 
volume were given a thickness value directly from that SD-OCT scan, while 
locations within overlapping regions between two peripheral (i.e. non-central) SD-
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OCT volumes were given an average of the thickness values from those scans. 
For locations that were not contained within an SD-OCT volume scan but were 
contained within the convex hull of SD-OCT volume scans, an interpolated 
thickness value was assigned. Locations that were outside of the SD-OCT 
volumes’ convex hull were assigned the thickness value of the nearest SD-OCT 
measurement or interpolated value. 
4.3.2 Finite Element Modeling 
4.3.2.1 Building the Model Geometry 
The 3D facet coordinates from the reference image were imported into Rhino (v5 
SR14; Robert McNeel and Associates, Seattle, WA) where the model geometry was 
created. Note that in the following, all described surfaces are non-uniform rational basis 
spline surfaces, and all curves are Bezier curves. The DIC facets were fit with a surface 
using the Rhino “Patch” command to represent the posterior scleral surface. The outer 
boundary edge (farthest from the ONH) of the model anterior surface was then defined by 
fitting a curve through facets near the outer edges of the facet map. This approach allowed 
us to exclude artifacts that often existed at the facet map edges due to factors such as 
glare. We next imported thickness data into the model, which required registering the SD-
OCT volumes with the DIC images (Figure 17). The LPCAs and the optic nerve were used 
as landmarks for this registration because they were visible in the DIC images and in the 
SD-OCT scans. In more detail, the outlines of the LPCAs and the optic nerve were 
manually traced in the DIC reference image, and their pixel coordinates were mapped 
onto the 3D facet map using a custom MATLAB script. After the sclera, LPCA, and optic 
nerve point clouds from SD-OCT delineations were imported into Rhino, the SD-OCT 
thickness data was manually registered with the DIC data by aligning the optic nerve and 
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LPCA point clouds from the SD-OCT scans with the tracings of the optic nerve and LPCAs 
from the DIC images. 
 
Figure 18. FEM details. A. Side view of a finite element model mesh. IOP was 
applied to the anterior surface as indicated by the blue arrows. B. Top view of the 
meshed model with regions labelled. Orientation is the same as in the top view 
from Figure 17. C. Zoomed in view of the mesh in the peripapillary and ONH 
regions. The preferred fiber direction was defined locally at each element. D. 
Zoomed in view of the model outer edges (furthest from the ONH). Displacements 
from the DIC facet map were interpolated and applied as boundary conditions to 
nodes on the posterior boundary edge (yellow dots). Each through-thickness line 
of nodes (red dots) on the boundary surface shared displacements with the 
closest posterior boundary edge node, i.e. with the nearest yellow dot. 
Abbreviations: optic nerve head (ONH); peripapillary superior, temporal, inferior, 
and nasal regions (ppS, ppT, ppI, ppN); and peripheral superior, temporal, inferior, 
and nasal regions (prS, prT, prI, prN). 
A custom Rhino.Python script was used to apply the thickness data to the existing 
scleral surface. First, the thickness map was projected onto the scleral surface, and at 
each map location, a point was offset in the direction of the local scleral surface normal 
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by its associated thickness value. The resulting point cloud was then fit with a surface that 
represented the anterior scleral surface. The anterior surface was connected to the 
posterior surface by generating a third surface connecting their outer (farthest from the 
ONH) edges, to create the scleral model geometry. The model was then divided into nine 
regions so that regional fiber organization parameters could be calculated by the inverse 
method. First, the model was divided into an ONH region, a peripapillary sclera region, 
and a peripheral sclera region. The ONH region was a disc of diameter 0.75 mm centered 
on the ONH, the peripapillary region was an annulus of internal diameter 0.75 mm and 
external diameter of 1.5 mm, and the peripheral scleral region was the remainder of the 
model. We chose these diameters from observations of rat ONH histomorphometric 
reconstructions (Pazos et al., 2015; Schwaner et al., 2018) and a polarized light 
microscopy image of the rat sclera (kindly provided by Dr. Ian Sigal). The ONH region 
contained a combination of sclera, vascular, and nerve tissues (among others), but it was 
considered to be one homogeneous solid in the model because it was not feasible to 
model individual structures in the ONH region, and each individual structure alone likely 
did not have large effects on the deformation of the sclera. The peripapillary (pp) and 
peripheral (pr) sclera regions were further divided into superior (ppS and prS), inferior (ppI 
and prI), nasal (ppN and prN), and temporal (ppT and prT) sectors. 
4.3.2.2 Modeling Details: Mesh, Boundary Conditions, and Material Model 
The model geometry was imported into Trelis (Computational Simulation Software, 
LLC; American Fork, UT) and meshed with 8-node hexahedral elements. Measured 
displacements (from DIC imaging) were interpolated from the facet map to the 
nodes on the outer boundary edge of the posterior scleral surface and applied as 
boundary conditions. It was assumed that nodes lying on the boundary surface 
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(connecting the anterior and posterior surfaces) shared the same displacements as the 
nearest posterior boundary edge node (Figure 18). Pressure was applied to the anterior 
scleral surface in a series of steps that matched the recorded IOP levels during the inflation 
test. For simplicity, it was assumed that a zero-stress state existed at the reference 
pressure; thus, all pressure increases applied to the model were relative to the reference 
pressure value. 
The ONH was modelled as a nearly incompressible neo-Hookean solid, for which 
the strain energy density function takes the form: 
 
𝑊𝑂𝑁𝐻 =  
𝜇
2
(𝐼1 − 3) −  𝜇 ln 𝐽 +
𝜆
2
(ln 𝐽)2 (1) 
where 𝜇 is the shear modulus, 𝐼1 is the first invariant of the right Cauchy-Green 
deformation tensor, 𝐽 is the determinant of the deformation gradient tensor, and 𝜆 is 
Lame’s first parameter. Since neo-Hookean materials reduce to the linear elastic model 
at small strains, it is common to present their material parameter values in the form of a 
Young’s modulus, 𝐸,  and Poisson’s ratio 𝜈 using the conversion: 








The material model chosen to represent the sclera was a Mooney-Rivlin ground 
substance reinforced by fibers lying within the plane tangent to the posterior scleral 
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surface and with orientations following a Von Mises distribution (Girard et al., 2009). The 
strain energy density function for sclera was thus given by: 
 𝑊𝑠𝑐𝑙𝑒𝑟𝑎 = 𝑊𝑔𝑠 + 𝑊𝑓𝑖𝑏𝑒𝑟 (4) 
where 𝑊𝑔𝑠 is the contribution of the ground substance and 𝑊𝑓𝑖𝑏𝑒𝑟 represents the 
contribution of the collagen fibers. Further, 
 
𝑊𝑔𝑠 = 𝑐1(𝐼1 − 3) + 𝑐2(𝐼2 − 3) +
𝐾
2
(ln 𝐽)2 (5) 








where 𝑐1 is the first Mooney-Rivlin coefficient, 𝑐2 is the second Mooney-Rivlin coefficient, 
𝐼2 is the second invariant of the right Cauchy-Green deformation tensor, and 𝐾 is the bulk 
modulus. The sclera was assumed to be incompressible and thus 𝐾 was set as 𝐾 = 1 
GPa (Girard et al., 2009).  𝑃(𝜃) is the distribution function of the fibers, 𝜃𝑝 is the preferred 
fiber orientation relative to a local material coordinate system, and 𝐹2(𝜆[𝜃]) represents the 




exp [𝑘𝑓 cos (2(𝜃 − 𝜃𝑝))] (7) 
where 𝐼0 is the modified Bessel function of the first kind of order 0 and 𝑘𝑓 is the fiber 
concentration factor. The fiber response is given by: 
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 𝐹2(𝜆) = {
0                                                                             
𝑐3(𝑒
𝑐4(𝜆−1)(𝐸𝑖(𝑐4𝜆) − 𝐸𝑖(𝑐4)) − 𝑙𝑛 𝜆)         
𝑐5(𝜆 − 1) + 𝑐6 ln 𝜆                                            
 
𝜆 ≤ 1           
1 < 𝜆 < 𝜆𝑚
𝜆 ≥ 𝜆𝑚        
 (8) 
where 𝑐3 is the exponential fiber stress coefficient, 𝑐4 is the fiber uncrimping coefficient, 
Ei(∙) is the exponential integral function, 𝜆𝑚 is the fiber stretch for straightened fibers, and 
𝑐5 is the modulus of straightened fibers. In all simulations, we took 𝑐2 = 0 MPa, causing 
the ground substance to behave as a neo-Hookean solid. Based on previous data 
demonstrating that the rat sclera behaves nonlinearly in the IOP range of 3 mmHg to 30 
mmHg (Hannon et al., 2019. Submitted), we assumed that the collagen fibers never fully 
straightened (𝜆 >𝜆𝑚 ), eliminating the need for the coefficients 𝑐5 and 𝑐6. 
The anisotropic behavior of the sclera was determined by the values of 𝑘𝑓 and 𝜃𝑝. 
The term 𝑘𝑓 dictates the degree of anisotropy; specifically, 𝑘𝑓 = 0 results in an isotropic 
distribution of fibers within the material plane, while 𝑘𝑓 = ∞ results in all the fibers lying 
aligned along a preferred direction dictated by 𝜃𝑝. The material coordinate system of each 
element was defined as follows: the plane of fibers was locally tangent to the posterior 
scleral surface, while a value of 𝜃𝑝 = 0° corresponded to a fiber axis in the circumferential 
direction, and 𝜃𝑝 = 90° corresponded to a fiber axis in the meridional direction. It was 
assumed that the entire sclera shared common values for the coefficients 𝑐1, 𝑐3, and 𝑐4 
(Girard et al., 2009), but each region was described by its own values of 𝑘𝑓 (𝑘𝑓_𝑝𝑝𝑆, 𝑘𝑓_𝑝𝑝𝐼, 
etc.) and 𝜃𝑝 (𝜃𝑝_𝑝𝑝𝑆, 𝜃𝑝_𝑝𝑝𝐼, etc.), resulting in a set of 19 unknown parameters for inverse 
FEM calculations, namely: 𝑐1, 𝑐3, 𝑐4, 𝑘𝑓_𝑝𝑟𝑆, 𝑘𝑓_𝑝𝑟𝐼, 𝑘𝑓_𝑝𝑟𝑇, 𝑘𝑓𝑝𝑟𝑁, 𝑘𝑓_𝑝𝑝𝑆, 𝑘𝑓_𝑝𝑝𝐼, 𝑘𝑓_𝑝𝑝𝑇, 
𝑘𝑓_𝑝𝑝𝑁, 𝜃𝑝_𝑝𝑟𝑆, 𝜃𝑝_𝑝𝑟𝐼, 𝜃𝑝_𝑝𝑟𝑇, 𝜃𝑝_𝑝𝑟𝑁, 𝜃𝑝_𝑝𝑝𝑆, 𝜃𝑝_𝑝𝑝𝐼, 𝜃𝑝_𝑝𝑝𝑇, 𝜃𝑝_𝑝𝑝𝑁. The process of defining 
the model was accomplished using a combination of custom MATLAB and Rhino.Python 
scripts. All were solved using FEBio (v. 2.8.2; Salt Lake City, UT) (Maas et al., 2012). 
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4.3.3 Inverse Modeling and Differential Evolution 
To describe the material behavior of the rat sclera, we adjusted the values of the 19 
unknown material parameters to minimize the error between computed and experimental 
(DIC) displacements. Experimental displacement values were interpolated from the facet 
map at node locations on the scleral surface using a custom MATLAB script and the error 
was calculated using the following cost function (Girard et al., 2009): 




























𝑚 ) are the three components of the model (𝑚) displacements at node 𝑛 and 
IOP level 𝑝. The total number of interrogated scleral surface nodes is 𝑁, and 𝑃 is the total 
number of IOP levels. Since there were gaps in the facet map where some facets did not 
correlate, only the closest node to each correlated facet was used in the cost function 
calculation. 
We used a differential evolution (DE) optimization algorithm to minimize the cost 
function, which was implemented by making modifications to a MATLAB package obtained 
from the MATLAB file exchange (Buehren, 2017). DE has been used in inverse FEM 
studies on the monkey eye and has several advantages for this type of problem (Girard et 
al., 2009, 2011, 2009): it does not require the optimized problem to be differentiable, it can 
accommodate but does not require a starting guess, and it can be effective in avoiding 
local minima. To understand how the DE algorithm works, one can think of each trial set 
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of parameter values as the member of a “population”. Each algorithm iteration consists of 
a series of steps that includes mating between population members to produce offspring, 
mutation of offspring, and competition between parents and offspring. The winning 
member of each contest is the parameter set that produces the lowest cost function value, 
and the winners comprise the population for the next iteration. The particular DE package 
that we used allows the user to select different strategies or variations on the DE algorithm, 
set bounds on each parameter, and set the resolution of each parameter. There are a few 
important settings associated with the algorithm, including strategy, population size (𝑁𝑃), 
weighting factor (𝐹), and crossover constant (𝐶𝑅). A more in-depth discussion can be 
found at (Price et al., 2005). 
4.3.4 Two-Step Optimization Strategy 
Determining material parameters, as we seek to do here, is a challenging 
computational problem. After empirical testing, it was determined that a two-step 
optimization strategy worked well for this problem. In step one, the set of optimized 
parameters was “compressed” to reduce the dimensionality of the parameter space. 
Specifically, in this step we sought parameter values for 𝑐1, 𝑐3, 𝑐4, and a “bin” parameter 
for each scleral region that mapped to both a 𝑘𝑓 value and 𝜃𝑝 value, resulting in a total of 
11 parameters to be optimized. We found that using 72 “bins” worked well, with each bin 
representing a 𝑘𝑓 and 𝜃𝑝 value as illustrated in Table 4. The search ranges for the 𝑐 terms 
were set as 0.001 ≤ 𝑐1 ≤ 1 MPa, 0.0001 ≤ 𝑐3 ≤0.1 MPa, and 1 ≤ 𝑐4 ≤ 1000. The 
algorithm settings were strategy = rand/bin/1, 𝑁𝑃 = 50, 𝐹 = 0.5, and 𝐶𝑅 = 0.9, and the 
algorithm was allowed to run for 250 iterations, a total of 12,500 model simulations. The 
goal of this step was to accomplish a broad and conservative sampling of the parameter 
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space to prevent convergence on local minima while identifying the area that contained 
the global minimum cost function value. 
Table 4. 𝜽𝒑 and 𝒌𝒇 value associated with each bin value. 
 
In step two, the full set of 19 parameters was optimized, with settings as follows: 
strategy = best/bin/1, 𝑁𝑃 = 90, 𝐹 = 0.5, and 𝐶𝑅 = 0.5. The search ranges remained the 
same for the 𝑐 terms, but 𝑘𝑓 and 𝜃𝑝 search ranges were set to 0 ≤ 𝑘𝑓 ≤ 10 and 0 ≤ 𝜃𝑝 ≤
179 degrees. The best parameter set from step one was provided as a starting guess, and 
the algorithm was allowed to run for 450 iterations, at total of 40,500 model simulations. 
Selecting the “best/bin/1” strategy resulted in a more aggressive sampling of the 
parameter space in which the current best population member was involved in all 90 
“mating” interactions during a given iteration (Price et al., 2005). 
The optimization process was parallelized by running models on 38 cores spread 
out over eight different computers. The process was directed by a MATLAB package 
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obtained from the MATLAB file exchange (Buehren, 2017). A typical model took about 50 
seconds to solve and the entire optimization process took about 3.5 days per eye to 
complete all iterations. 
4.3.5 Proof-of-Concept Testing 
Proof-of-concept testing was performed to assess the efficacy of the optimization 
strategy. A set of arbitrary material properties were input into a rat sclera model and a 
forward calculation was performed to generate a test set of “pseudo-experimental” 
displacement data. The optimization protocol was tested against this data set to determine 
whether it could retrieve the known set of arbitrary properties. This was repeated for two 
different sets of material properties to ensure we could accurately determine the material 
properties. 
4.3.6 Mesh Convergence 
A numerical mesh convergence study was performed by systematically increasing 
the number of elements in the circumferential, meridional, and thickness directions and 
evaluating the z displacement at eight nodes located on the ONH and peripapillary region 
boundaries. However, we found that using the mesh that produced mesh-independent 
results (“the converged mesh”) in the optimization protocol described above would have 
resulted in computation times that were too long (on the order of a week or more per eye). 
To justify using a lower density mesh, a variation of the proof-of-concept test was 
repeated. Specifically, an arbitrary material parameter set was input into the converged 
mesh and used to generate a set of “pseudo-experimental” displacement data. A lower 
density mesh was then used in the optimization protocol to retrieve the known material 
parameters. 
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4.3.7 Sensitivity to ONH Stiffness 
It was necessary to specify a value for ONH stiffness in the calculations, which was 
unknown and could not be determined by optimization due to inconsistent facet correlation 
(i.e. poor experimental data) in this region. Therefore, we assumed an ONH stiffness (see 
below) and assessed the sensitivity of model displacements to ONH stiffness by 
performing forward calculations with a sclera model. Because the ONH regions in the rat 
sclera models encompassed an area of the rat eye that contains a combination of neural, 
scleral, and vascular tissue, it was estimated that the Young’s modulus of the ONH region 
lies within a range of 0.03 MPa to 1 MPa (Sigal et al., 2004). The ONH modulus was varied 
within this range, and the average total displacement for nodes in the peripapillary region 
was calculated for each modulus value. 
4.4 Results 
4.4.1 Proof-of-Concept Testing 
We performed proof-of-concept testing to determine whether the optimization 
strategy provided acceptable solutions to the inverse problem. In testing, the cost function 
reached values of 0.021 µm and 0.005 µm for the two sets of specified material 
parameters, which is very small compared to the DIC “noise floor”. In set one, the values 
for 𝑐1 and 𝑐3 were retrieved exactly and the value for 𝑐4 had an error of only 0.2%. All but 
two 𝜃𝑝 values were retrieved exactly, and those two had errors of only 7° and 2°. All 𝑘𝑓 
values but one had errors of less than 5%, and the last had an error of 10.1%. In set two, 
the 𝑐𝑖 values all had errors of less than 5%. All 𝜃𝑝 values but one were retrieved exactly, 
and that value had an error of only 1°. All 𝑘𝑓 values but one had errors lower than 10%, 
and that one had an error of 10.1%. We conclude that the optimization strategy converges 
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and provides an answer of sufficiently low error after the selected number of iterations 
(250 in step 1 and 450 in step 2). 
4.4.2 Mesh Convergence 
The mesh convergence study showed that mesh independence was reached with a 
mesh consisting of 10,707 nodes and 6900 elements (Figure 19). As mentioned, this mesh 
density would have been infeasible for use in the inverse method due to overly long 
computation times, so further testing was performed to determine whether a lower density 
mesh would be acceptable for use. The converged mesh was used to generate a set of 
“pseudo-experimental” data with an arbitrary parameter set, and a mesh containing 4626 
nodes and 3018 elements was used to retrieve the known parameters. We judged that 
numerical accuracy would be considered as acceptable if the error in the retrieved 
parameter values was comparable to that seen in proof-of-concept testing. Using the 
4626-node mesh, the cost function value was 0.218 µm. The retrieved value for 𝑐1 had an 
error of 4%, 𝑐3 had an error of 10%, and 𝑐4 had an error of 2.5%. All 𝜃𝑝 values had errors 
of 1°, except for one which had an error of 6°. All 𝑘𝑓 values had errors of 8% or less. 
Although the cost function value was an order of magnitude higher than that seen in proof-
of-concept testing, all the other parameters had comparable relative error. Thus, we 
considered the mesh with 4626 nodes to have sufficient numerical accuracy for the inverse 
FEM work, and used this as the production mesh going forward. 
It should be noted that in this test, the arbitrary set of 𝑘𝑓 values were randomly 
generated, but forced to lie between 1 and 6, based on previous inverse FEM studies on 
the monkey eye (Girard et al., 2009). In an earlier proof-of-concept test, a large proportion 
(4 out of 8) of the randomly generated 𝑘𝑓 values were less than 1. That test was not 
successful, as the error of the retrieved 𝜃𝑝 and 𝑘𝑓 values was too high, although the 
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retrieved 𝑐 values all had errors less than 5%. This showed that if the overall degree of 
fiber alignment is too low, the method is not sensitive enough to resolve fiber directions 
accurately. This result is intuitive, because as 𝑘𝑓, decreases, the effect of 𝜃𝑝 on model 
behavior also decreases. 
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Figure 19. Mesh convergence study. Each colored line indicates the total z 
displacement of a particular node. The legend details the relative error between 
the mesh considered to be converged (10,707 nodes, indicated by the vertical red 
line) and the most dense mesh with 55,240 nodes. The production mesh (4626 
nodes) that was determined to have sufficient numerical accuracy is indicated by 
the dashed black line. 
4.4.3 Sensitivity to ONH Young’s Modulus 
To help select a suitable value for ONH Young’s modulus, we investigated the 
sensitivity of peripapillary sclera displacement to changes in ONH stiffness. Varying the 
assumed ONH Young’s modulus value from 0.03 to 1 MPa resulted in a 1.72 µm difference 
in mean peripapillary scleral nodal displacement (Figure 20). This shows that the model 
had a low sensitivity to ONH stiffness, since 1.72 µm is far below the experimental 
peripapillary sclera displacements, which were on the order of 140 µm. We estimated that 
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the ONH modulus was near 0.1 MPa and used this as the ONH modulus value in all 
simulations. 
 
Figure 20. Model sensitivity to assumed ONH Young’s modulus. As the modulus 
of the ONH was increased, the mean nodal displacement of the peripapillary 
sclera decreased. The difference in displacement between the ONH Young’s 
modulus values of 0.03 MPa and 1 MPa was 1.72 µm. 
4.4.4 Inverse Finite Element Modeling 
Using the inverse method, scleral material parameter values were successfully 
calculated for a total of eight eyes. The average cost function value for all eyes was 5.8 
µm (Table 5), which is much lower than the experimental displacement values ranging 
from approximately 50 µm to 230 µm. Although the models failed to match highly localized 
details of the experimentally-measured displacements in most eyes, they did exhibit good 
 99 
agreement with the overall experimentally-measured displacement patterns (Figure 21). 
This was also true when comparing the model and experimental displacements at different 
pressure steps (not shown). The spread of 𝑐1 and 𝑐4 values was small, but there was high 
variability in 𝑐3, with three of the values being an order of magnitude higher than the other 
five (Table 5). Note that three of the low 𝑐3 values reached the specified lower boundary 
limit of 0.0001 MPa, and 7 𝑘𝑓 values reached the specified upper boundary limit of 10. The 
𝜃𝑝 and 𝑘𝑓 values were also highly variable (Figure 21–Figure 25). However, a few patterns 
did emerge. Specifically, the peripapillary 𝑘𝑓 values were significantly higher than those in 
the peripheral sclera (Wilcoxon; p < 0.0001) (Figure 22). The mean fiber direction was 
calculated for all eight scleral regions (Figure 25) as well as the peripheral and peripapillary 
sclera (Figure 24) according to circular statistics methods implemented in a MATLAB 
package obtained from the MATLAB file exchange (Berens, 2009). The fiber orientation 
was circumferential on average in the peripheral sclera, and to a lesser degree in the 
peripapillary sclera (Figure 24). Interestingly, the prI, prT, and prS regions displayed less 
variability in 𝜃𝑝 than did other regions (Figure 25). The prI and prT regions trended toward 
circumferential alignment (mean fiber directions of 3.2° and 176.5°), and the prS region 
trended toward near meridional alignment (mean fiber direction of 65.9°). 
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Table 5. 𝒄, 𝒌𝒇, and cost function values obtained from inverse FEM. Also shown 
are age of animal and IOP reading at SD-OCT scan. OD indicates right eye and OS 






Figure 21. Comparison of scleral thickness (top row), experimental posterior displacement at the last pressure step as 
measured by DIC (second row), posterior displacement at the last pressure step of the finite element model (third row), 
preferred fiber orientation (fourth row), and fiber concentration factor (fifth row) for 8 rat eyes. In all cases, the superior 
direction is up and inferior direction is down. For OD eyes, the temporal direction is to the right and nasal is to the left. 
These directions are reversed in OS eyes. The preferred fiber orientation is displayed as the angle from a circumferential 
orientation. Note that a 𝜽𝒑 of either 45° or 135° is displayed as white. Scleral thickness was highest within and near the 
peripapillary region. Model displacements matched the overall pattern of experimental displacements but failed to match all 
local displacement patterns. The preferred fiber orientation was highly variable, but exhibited a general trend toward 





This study provides the first quantification of rat scleral biomechanical material 
properties. Inverse FEM was used to fit experimentally measured displacement data 
obtained from whole globe inflation testing paired with DIC. The inverse method 
determined three parameters that dictated the nonlinear stiffening behavior of the entire 
posterior rat sclera (𝑐1, 𝑐3, and 𝑐4) and 16 parameters that dictated the anisotropy of eight 
scleral regions (𝑘𝑓 and 𝜃𝑝). The parameter 𝑐1 describes the mechanical behavior of the 
ground substance in the sclera, while 𝑐3 and 𝑐4 describe the behavior of a collagen bundle. 
 
Figure 22. Peripheral and peripapillary scleral fiber concentration factor (𝒌𝒇) 
values as determined by inverse FEM. Circles indicate raw values, the red line 
indicates the mean, the red box indicates the 95% confidence interval, and the 
blue box indicates the standard deviation. The fiber concentration factor was 
higher (on average) in the peripapillary region (Wilcoxon; p < 0.0001). 
Several inverse FEM studies have been carried out on human and monkey eyes, 
but many of these studies used different approaches or material models for the sclera, 
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which makes comparisons to the present work challenging (Coudrillier et al., 2015, 2015, 
2012; Grytz et al., 2014, 2014). However, Girard et al. (2009, 2011, 2009) used a similar 
inflation approach and the same material model to characterize the material properties of 
monkey eyes. Compared to these previous inverse FEM studies, the 𝑐1 values that we 
obtained were an order of magnitude lower, while the 𝑐3 and the 𝑐4 values were 
comparable (Girard et al., 2011, 2009). In the monkey studies, only two 𝑘𝑓 values were 
assigned per eye (one for the peripapillary region and one for the peripheral region), and 
they ranged from ~0.5 to ~5.8. The peripheral 𝑘𝑓 values from the present study largely lay 
within that range, but our peripapillary 𝑘𝑓 values were higher (Figure 22). These higher 
values could indicate a greater degree of alignment in the peripapillary rat sclera than in 
the monkey, or they could be due to the fact that we assigned a separate 𝑘𝑓 value to each 
of the four peripapillary regions. However, as in the monkey study, the peripapillary 𝑘𝑓 
values were higher than those of the peripheral sclera (on average). This indicates that 
the fibers in the peripapillary region were more aligned along the preferred axes, making 
these regions more anisotropic than those in the periphery. 
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Figure 23. Scleral fiber concentration factor (𝒌𝒇) values, broken down by scleral 
region. Symbols indicate the same quantities as in Figure 22. There was a high 
variability in 𝒌𝒇 and no clear trends were apparent across individual regions. 
Abbreviations as in Figure 18. 
A high fiber alignment in the peripapillary sclera relative to the surrounding posterior 
sclera has been reported from experimental measurements on several species including 
the rat (Coudrillier et al., 2015; Girard et al., 2011; Pijanka et al., 2012, 2019). Specifically, 
the rat eye study by Girard et al., used small angle light scattering (SALS) to measure fiber 
organization and reported a “degree of fiber alignment” and “degree of circumferentiality” 
for regions throughout the rat sclera. Although Girard et al. report the same alignment 
trends that we found, our 𝑘𝑓 values generally indicated a much higher degree of alignment 
than those experimentally determined by SALS. Specifically, near the scleral canal, the 
area with the highest fiber alignment in the posterior sclera, Girard et al. reported a median 
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degree of alignment of 0.16, corresponding to a 𝑘𝑓 value of approximately 0.26 (see 
Appendix A), while our inverse FEM predicted a mean 𝑘𝑓 value of 6.31. The source of this 
discrepancy is unclear: it could be due to overestimation of 𝑘𝑓 by our inverse FEM method, 
spatial averaging in the SALS data, or limitations of the von Mises distribution used to 
describe collagen fiber orientation in the sclera. Indeed, a subsequent publication (Gouget 
et al., 2012) noted that collagen fiber distributions in sclera were better fit by an extension 
of the von Mises distribution, albeit at the cost of significant complexity. Future inverse 
FEM studies should consider a more complex and realistic fiber distribution function. 
 
Figure 24. Symmetric rose plots (circular histograms) of the fiber orientations in 
the peripheral and peripapillary scleral regions. Each blue wedge represents a bin 
of width 30°. The radius of each wedge indicates the number of 𝜽𝒑 values in that 
bin. Note that since the plot is symmetric, the number of 𝜽𝒑 values plotted is 64 
rather than 32. The orange lines indicate the mean preferred fiber direction which 
is also given in the orange text. Both mean directions suggest an overall 
circumferential alignment in the peripheral and peripapillary sclera. 
In the present study, fiber alignment in the peripheral sclera was circumferential on 
average in both the peripheral and peripapillary sclera, which is the same trend as was 
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found in the inverse FEM monkey studies (Girard et al., 2011, 2009). At least two studies 
using experimental measurements of fiber organization have observed this pattern in the 
rat as well (Baumann et al., 2014; Girard et al., 2011). Note that Girard et al. (the study 
using SALS) defined a larger peripapillary sclera region than we did here, which is 
necessary to keep in mind while comparing their results with ours. Girard and colleagues 
did not report any trends in fiber direction by location around the ONH (i.e. superior, 
inferior, temporal, or nasal regions) as opposed to the trends we saw in regions prI, prT, 
and prS (Figure 25). 
As is evident from Figure 21, there was a large range of total posterior displacement 
between eyes, and different eyes displayed different local patterns of displacement. This 
was expected as the same observation was made in the inverse FEM monkey studies 
(Girard et al., 2011, 2009). The models closely matched overall levels of displacement for 
each eye, leading us to conclude that the retrieved values for parameters determining the 
overall stiffness of the sclera (𝑐1, 𝑐3, and 𝑐4) were accurate. The low variability exhibited 
by these parameters supports this conclusion. However, it is possible that these values 
were overestimated due to the assumption that the eye was at a stress-free state at the 
reference pressure (see below). This inverse FEM approach also did not perfectly mimic 
all areas of particularly low or high displacement, indicating that the regionally-specific 
parameters (𝑘𝑓 and 𝜃𝑝) may not have accurately described true fiber organization within 
each region. This is consistent with the large inter-eye variability in 𝑘𝑓 and 𝜃𝑝. Based on 
the proof-of-concept results, the material parameter values returned for each eye were 
likely the best set (or close to the best set) of values to match the experimental 
displacement patterns within the given modeling assumptions; however, those 
assumptions may have been too limiting to resolve true fiber parameters. This will be 
discussed further below. 
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Figure 25. Symmetric rose plots of the 𝜽𝒑 values for each scleral region. Symbols 
and figure interpretation are the same as in Figure 24. Mean fiber directions in the 
prI and prT regions suggest a trend toward circumferential alignment. The mean 
direction in prS was near meridional. Although the mean direction is plotted for all 
other regions, clear trends did not arise due to high variability. Abbreviations as in 
Figure 18. 
4.5.1 Limitations 
4.5.1.1 Modeling Assumptions 
Several modeling assumptions may have affected the results of this study. One 
major assumption made in the models was that the sclera only has one layer of collagen 
fibers. Studies in other species have shown quite clearly that there are several layers of 
collagen fibers through the thickness of the sclera and that they often have different 
preferred fiber directions and degrees of alignment (Gogola et al., 2018; Pijanka et al., 
2015). In some cases, such as the scenario where a layer of isotropic fiber orientation 
underlies that of a highly aligned layer, a Von Mises distribution does not accurately 
describe the true probability density function of fiber orientations (Gouget et al., 2012). 
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Thus, the values for 𝑘𝑓 and 𝜃𝑝 that we extracted should be interpreted as through-
thickness average values for each scleral region. We also assumed that the size and 
arrangement of the eight scleral model regions were suitable for extracting fiber 
organization, but this may not have been the case. The patterns of fiber organization in 
the rat sclera may occur at a smaller scale than the size of the regions we chose. Both of 
these assumptions decreased the sensitivity of the sclera models, and probably 
contributed to their inability to recreate highly localized patterns of displacement seen in 
the experimental data. Further, we assumed a single Young’s modulus value for the ONH 
region in all models and represented this region as an isotropic solid, even though it 
contained some scleral tissue. This may have affected the resulting retrieved parameters, 
particularly in the peripapillary region, although our sensitivity study indicated that this 
effect was likely small. The chosen search limits for optimized parameters may also have 
affected results. In three eyes, the 𝑘𝑓 values in one or two regions reached the specified 
upper boundary limit of 10, and in three eyes, the 𝑐3 values reached the specified lower 
boundary limit of 0.0001 MPa, meaning that these seven 𝑘𝑓 values may have been 
underestimated and these three 𝑐3 values may have been overestimated. Alternatively, 
reaching the specified limits for these parameters may reflect the overall 
difficulty/complexity of the inverse FEM procedure. 
Finally, we used a simplistic method, “the relative pressure approach”, to account for 
the effects of prestress. Inflation tests require a non-zero reference pressure to prevent 
buckling of the ocular to shell from affecting results. We assumed that the sclera was in a 
stress-free state at the reference pressure for each eye and applied loads in the sclera 
models that were relative to each eye’s reference pressure. This is a common approach 
taken in the field (Coudrillier et al., 2012; Girard et al., 2009) but it is associated with error. 
Grytz et al. (2013) previously estimated that the error associated with this method could 
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overestimate the ground substance and fiber stiffness by 54% and 15%, respectively, 
although the error in fiber orientation was less than 1°. They presented two alternative 
methods that lowered this error. The first is a complex approach that involves computing 
the prestress using an iterative method and is not feasible for use in inverse FEM due to 
the additional computation time it would require. The second is called the “relative 
displacement approach” and is much simpler to implement. Briefly, it involves adding an 
extra pressure step (equal to the experimental reference pressure) to the beginning of the 
FE simulation. The resulting deformed geometry is taken as the reference state for all 
displacement and strain calculations but has a non-zero stress state. Unfortunately, this 
second approach was incompatible with our models because of the prescribed 
displacement boundary conditions that we applied. Grytz et al. had the advantage of using 
a 3D digitizer to extract scleral surface geometry that included the edge clamped by the 
testing rig, which allowed them to apply fixed and spring boundary conditions to the model 
edges. However, it should also be noted Grytz et al. estimated the error for a preload of 5 
mmHg, whereas the preload pressures in our study were lower (2.2 mmHg to 2.9 mmHg). 
Therefore, the error associated with prestress in the current study would be less than Grytz 
et al. previously reported. Future iterations of the method presented here should include 
a better way to account for prestress if possible. 
4.5.1.2 Methodological Limitations 
There were other limitations with the method that may have affected our results. 
First, the DIC method can produce artifacts due to optical issues such as glare or poor 
speckling. Although we made efforts to minimize these artifacts, it is possible that some 
remained and affected the results. Such artifacts probably did not significantly affect 
overall trends but could have introduced error into the 𝑘𝑓 and 𝜃𝑝 values, especially in the 
small peripapillary regions. Further, there were several sources of error associated with 
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SD-OCT thickness measurement location, although not with the thickness measurements 
themselves. First, there was error associated with projecting the thickness map to the 
posterior surface of the sclera model, since the SD-OCT images are artificially “flattened” 
but cannot easily be warped back to the actual shape of the sclera. We estimate that this 
location error was nearly 0 for locations close to the ONH, and on the order of 150 µm 
near the edges of the SD-OCT scans. However, we note that the largest variation in scleral 
thickness occurred near the ONH (Figure 21), so thickness measurement location 
accuracy in this region was most important. Second, there is error in the horizontal 
distance within b-scans reported by the SD-OCT system. The horizontal distance is an 
indirect measure derived from the angle of the rays, the optical power of the rat eye, and 
the size of the rat eye. Thus, error is introduced if differences between eyes are not 
accounted for. We can gain an estimate of the horizontal scaling error by comparing the 
axial length of an imaged eye with that of the standard eye used to calibrate the SD-OCT 
system by Leica, which was 6.29 mm (information provided by Leica). Assuming a 
variation in axial length of 6 to 7.5 mm for brown Norway rats around 14 months of age 
(Lozano & Twa, 2013), the scaling error ranges from 4.6% to -19.2%. Note that again, the 
absolute error in horizontal distance will be smaller near the ONH in the central SD-OCT 
scan compared to the edges, and thus this error likely did not significantly affect the most 
critical regions of our models. Lastly, the steps of delineating the sclera in SD-OCT scans 
and manually registering SD-OCT delineations with DIC data both had a certain level of 
subjectivity.  
A few other limitations and assumptions are worth mentioning but likely did not 
significantly affect results. First, the actual IOP at each pressure step varied between eyes. 
This occurred because the flow rate entering each eye can differ, making the pressure 
drop across the flow sensor eye-specific. However, we accounted for this by directly 
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recording IOP throughout the inflation test and including eye-specific IOP data in the 
inverse FEM framework. Second, we assumed that the choroid did not have a significant 
effect on scleral deformation. As these were enucleated eyes without blood flow this is a 
reasonable assumption. Lastly, since only displacements at the posterior scleral surface 
were recorded, it was assumed that nodes on the model boundary surface shared 
displacements with the nearest node on the outer boundary edge of the posterior scleral 
surface. 
4.5.2 Future Work 
In the future, we plan to implement the results from this study in forward FE models 
of the rat posterior eye. Although it is not clear how accurately the fiber organization 
parameters describe true fiber directions, the experimental displacements were matched 
well by the inverse FEM, meaning that the retrieved material parameter sets can be used 
to inform improved models of the sclera. The FE models that implement the parameter 
values found in this study will be used to investigate the link between biomechanical insult 
to the ONH and glaucoma. 
In future studies using this method, a combined imaging and inverse modeling 
approach, similar to that in (Coudrillier et al., 2015), is recommended. Recent studies 
using polarized light microscopy have provided invaluable information about scleral 
collagen organization in several species (Gogola et al., 2018). Since the posterior rat eye 
has the advantage of containing LPCAs that are visible from the outer surface, DIC data 
could be registered with fiber organization data obtained from polarized light microscopy. 
This would provide excellent fiber organization information that could be fed into the model 
at a much higher resolution than in the current study, and a more complex and realistic 
fiber distribution function could be implemented without adding unknown parameters. In 
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addition, including experimentally determined fiber orientation data would greatly reduce 
computation time because the DE algorithm would only have to optimize stiffness 
parameters. If possible, it would also be helpful to perform non-invasive thickness 
measurements on the eye while it is mounted in the inflation setup. SD-OCT with a 
telecentric lens may be able to accomplish this, but we were unable to do so with our 
existing SD-OCT machine. As mentioned, a better approach for including the effects of 
prestress should be utilized in future work. The relative displacement approach developed 
by Grytz et al. (2013) could be used if the geometry of the fixed (glued) scleral edges is 
recorded during testing. It may be possible obtain this data from an SD-OCT scan as 
mentioned above. 
4.5.3 Conclusion 
This study is the first to quantify rat scleral biomechanical properties. We 
implemented an inverse modeling approach that optimized material parameters in subject-
specific sclera models to match displacement data acquired from whole globe inflation 
testing paired with DIC. The chosen material model accounted for the nonlinear and 
anisotropic properties of the sclera due to collagen fibers. Stiffness parameters for the 
entire posterior sclera and fiber organization parameters for several regions throughout 
the posterior sclera were calculated. There was extremely high variability in the regional 
fiber organization parameters, indicating that the method was likely not sensitive enough 
to resolve detailed fiber orientation data from specific regions within the sclera, especially 
within the peripapillary sclera. However, modelled displacements matched experimental 
displacements well, indicating that the method successfully retrieved scleral stiffness 
parameters, and the overall trends in the fiber data were consistent with what has been 
previously reported. Namely, fiber directions in the peripheral and peripapillary sclera were 
circumferential on average, and the degree of fiber alignment in the peripapillary sclera 
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was higher than in the peripheral sclera. These stiffness parameters and trends in fiber 
organization data can be used to inform modeling efforts of the rat ONH, particularly in the 
context of glaucoma biomechanics research. 
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Abstract 
Glaucoma is the leading cause of irreversible blindness and is characterized by the 
death of retinal ganglion cells (RGC), the cells that carry vision information from the 
retina to the brain. Although it is well-accepted that biomechanics is an important part of 
the disease process, the mechanisms by which biomechanical insult, usually due to 
elevated intraocular pressure (IOP), leads to RGC death is not understood. Rat models 
of glaucoma afford an opportunity for learning more about these mechanisms, but the 
biomechanics of the rat optic nerve head (ONH), the primary region of damage in 
glaucoma, are only just beginning to be characterized. In a previous study, we built finite 
element (FE) models with individual-specific rat ONH geometries. Here, we developed a 
parameterized model of the rat ONH and used it to perform a sensitivity study to 
determine the influence that 6 geometric parameters and 14 tissue material properties 
have on rat optic nerve strains due to IOP elevation. Strain magnitudes and patterns in 
the parameterized model generally matched those from individual-specific models, 
suggesting that the parameterized model sufficiently approximated rat ONH anatomy. 
The five parameters with highest influence on optic nerve strains were optic nerve 
stiffness, IOP, sclera 𝑐4 (collagen fiber uncrimping coefficient), sclera thickness, and the 
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degree of alignment of scleral collagen fibers. We conclude that efforts should be made 
to better characterize rat scleral collagen fiber organization and that a parameterized 
modelling strategy could eventually replace individual-specific models in the study of 
ONH biomechanics in the rat. 
5.2 Introduction 
Glaucoma is the leading cause of irreversible blindness, with an estimated 76 million 
cases worldwide (Tham et al., 2014). Blindness in glaucoma is due to the dysfunction and 
loss of retinal ganglion cell (RGC) axons, the conduits by which vision information is sent 
from the retina to the brain. Current therapies for glaucoma are all focused on lowering 
intraocular pressure (IOP), as elevated IOP is a causative risk factor for glaucomatous 
optic neuropathy. Unfortunately, these therapies are not always effective (Anderson, 
2003; Okeke et al., 2009), and the development of novel therapies is made difficult by the 
current lack of understanding of glaucoma pathophysiology. In particular, it is not known 
how biomechanical insult to the ONH, widely-accepted as a key aspect of glaucoma 
pathophysiology (Burgoyne, 2011; Yang et al., 2017), affects the apoptosis of RGCs. 
Research to-date indicates that the answer is highly complex; remodeling, alteration of 
cell behavior, decrease in ONH blood flow, and blockage of RGC axonal transport may all 
result from increased mechanical stress and strain in the ONH (Alqawlaq et al., 2018; 
Morrison et al., 2011; Yang et al., 2017). 
Rodent glaucoma models provide an opportunity to learn more about the role of 
biomechanics in glaucoma pathophysiology because of their low cost, ease of animal 
husbandry, and low genetic variability between individuals as compared to primate models 
(Morrison et al., 2011). These characteristics make them appropriate for use in 
mechanistic studies requiring high numbers of subjects. Further, the rat has benefits for 
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biomechanics studies over the mouse due to its larger eye size, which makes its tissues 
easier to handle for biomechanical testing. In addition, rat ocular hypertensive models 
present with important characteristics of human glaucoma, and rat models of both acute 
and chronic IOP elevation exist, allowing early and late events in the disease process to 
be studied. 
However, there are differences in anatomy between the rat and human ONH that 
result in different ONH biomechanical environments (Schwaner et al., 2018, Schwaner et 
al. Submitted-b). Specifically, there are five key anatomic differences of note (Figure 26) 
(Morrison et al., 2011; Pazos et al., 2015): (1) There is not a connective tissue lamina 
cribrosa within the rat scleral canal. (2) Rather than passing through the center of the 
nerve at the level of the scleral canal, the central retinal artery (CRA) and vein (CRV) pass 
through the sclera on the inferior side of the nerve. (3) Between the optic nerve and scleral 
canal wall (primarily on the superior side of the nerve), there exists a vascular plexus, 
referred to as the perineural vascular plexus (PNVP). Thus, the scleral canal in the rat is 
sometimes referred to as the neurovascular scleral canal (Pazos et al., 2015). (4) An 
additional canal, the inferior arterial canal (IAC), inferior to the neurovascular scleral canal, 
exists in the rat sclera. The so-called scleral sling separates the IAC from the 
neurovascular scleral canal, and the CRA (along with other vessels) passes through the 
IAC. (5) Bruch’s membrane (BM) extends toward the nerve axis from the superior side of 
the nerve, creating a superior BM “overhang” around which RGC axons are forced to pass. 
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Figure 26. Histologic section of the rat (A) and schematic drawing of the human 
(B) ONH. The anatomical differences between the two species are displayed, 
including 5 key differences of note (numbered 1-5) as described in the text. 
Abbreviations: central retinal artery (A) and central retinal vein (V). From 
(Schwaner et al., 2018). 
Our previous studies are the only three to-date that have focused on characterizing 
rat ONH biomechanics (Schwaner et al., 2018, Submitted-a, Submitted-b). These studies 
aimed to model stress and strain in individual-specific rat ONH geometries. However, 
individual-specific modeling is a time-intensive process, and thus, it cannot be used 
effectively to fully explore how anatomical variation affects the ONH response to elevated 
IOP. 
Therefore, the purpose of this study was to conduct a sensitivity analysis to 
determine how variation in tissue material properties and anatomical features affect rat 
ONH biomechanics. To do so, we developed a rat ONH finite element model with 
parameterized geometry. Using Latin Hypercube Sampling, we varied six geometric 
parameters and 14 tissue material properties to create 800 rat ONH model variants. A 
partial rank correlation coefficient approach was used to rank the sensitivity of two 
outcome measures, namely 95th percentile first principal strain and 5th percentile third 
principal strain in the anterior optic nerve, to changes in the studied parameters. The 
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results from this study will guide future rat ONH modeling studies and provide 
biomechanical context for interpreting results from rat glaucoma studies with the ultimate 
goal of understanding the role of biomechanical insult in RGC pathophysiology. 
5.3 Methods 
5.3.1 Model Geometry 
5.3.1.1 Approach 
Sensitivity studies in which geometric parameters are varied are especially difficult 
because they require the generation and meshing of hundreds of different model 
geometries. Thus, they are infeasible to carry out unless the process is automated. We 
therefore developed a custom Python script to build and mesh rat ONH geometries in 
Trelis (v16.5, Computational Simulation Software LLC, American Fork, UT), given a set of 
geometric input parameters. Model geometry variants were generated by varying input 
parameters about a baseline model, which was informed from measurements made on 
seven individual-specific rat ONH geometries used in a previous modeling study 
(Schwaner et al., Submitted-b). Unlike previous studies on the human ONH, we could not 
take advantage of axisymmetric anatomy. Thus, to capture complex ONH tissue anatomy, 
we lofted volumes through tissue cross sections represented by geometric primitives such 
as ellipses. Finally, a series of Boolean operations were used to produce the finalized 
geometry for each model. 
5.3.1.2 Measurements 
To obtain information needed for parameterized geometry development, we 
measured key tissues within seven previously developed rat ONH model geometries 
(Schwaner et al., Submitted-b) using Rhino (v5 SR 14, Robert Mcneel and Associates, 
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Seattle, WA) and custom Matlab (2017a; Mathworks, Natick, MA) scripts. In the following, 
all surfaces are nonuniform-rational basis spline surfaces and all curves are Bezier curves.  
The cross-sectional shapes of key tissues in the ONH were assessed at three 
reference surfaces: Bruch’s membrane, the anterior scleral surface, and the posterior 
scleral surface. Measured tissues included the optic nerve, the CRA, and the CRV. Rhino 
was used to fit a curve to the intersection of a tissue boundary and a given reference 
surface. A group of 72 points were placed on the resulting curve, equally spaced along 
the curve length. A plane was fit through these points, and the intersection curve and the 
points were projected to the plane (Figure 27). Using a script from the Matlab file exchange 
(Gal, 2003), an ellipse was fit to the projected points. The centroid of the projected 
intersection curve, and the major and minor axes of the ellipse were recorded. The same 
process was repeated to assess several tissue “openings”: BM opening (BMO), the 
anterior scleral canal opening (ASCO), and the posterior scleral canal opening (PSCO). 
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Figure 27. Examples of measurements made on an individual-specific rat ONH 
geometry. A-C. Ellipse fitting of the optic nerve cross section at the PSCO plane. 
A. PSCO plane passing through the optic nerve. B. Intersection curve with points 
overlaid. C. Ellipse (red) fit through the points (blue). D.-E. Ellipse fitting of the IAC 
cross section at the anterior scleral surface. D. Top down (looking from anterior to 
posterior) view of the IAC. E. Cross section points of the IAC at the anterior scleral 
surface (magenta) and mirrored points (orange). F. Ellipse fit through subsets of 
the IAC cross section points and mirrored points. G. En face view of the optic 
nerve with BM hidden. The BM overhang region is outlined in orange. Arrows 
indicate measurements made to characterize the BM overhang. H. Superior-
Inferior cut plane view of the entire individual-specific model for reference. The 
dashed line indicates the cut plane being viewed in G. Abbreviations: superior (S), 
inferior (I), nasal (N), temporal (T). Tissue colors: optic nerve (green), BM (orange), 
choroid (yellow), sclera (blue), pia mater (cyan), CRV (pink), CRA (red), PNVP 
(gray), IAC (magenta). 
The measurement method described above was slightly modified in several 
instances. Specifically, the IAC openings have shapes similar to a semi-ellipse. Therefore, 
the projected points representing an IAC opening shape were first mirrored about an axis 
coincident with the superior side of the projected IAC opening curve, and then an ellipse 
was fit to this set of points (Figure 27). Half of the resulting ellipse was taken as the shape 
of the given IAC opening. Additionally, since the optic nerve boundary is not directly 
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intersected by the sclera, the optic nerve cross section was assessed by finding the 
intersection between the nerve boundary and a plane fit through each scleral canal 
opening (SCO) boundary.  
The CRV has two branches that emanate from the main lumen and travel in the 
inferior direction toward the IAC across the anterior scleral surface. The CRV cross-
section near the anterior scleral surface was always measured just posterior to these 
branches. To obtain information about the optic nerve posterior to the scleral surface, the 
PSCO plane was offset approximately 75 µm posterior to the PSCO, and this offset plane 
was then intersected with the nerve boundary. Finally, although the BMO centroid was 
recorded as described above, we found that representing BMO as an ellipse was 
problematic for meshing the resulting models because such models often had very thin 
regions (“sliver geometries”) on the temporal and nasal sides of the nerve, where the BMO 
cross-sectional boundary intersected the nerve cross-sectional boundary at a very shallow 
angle. Therefore, we instead took measurements of the BM overhang, measuring the 
distance between the superior edge of the nerve cross section and the inferior edge of the 
BM overhang along the superior-inferior axis (Figure 27). We also found the locations of 
the points at the nasal and temporal sides of the nerve-BM cross section at which the BM 
overhang ended. 
5.3.1.3 Generating the model geometry 
We developed a custom Python script to generate and mesh rat ONH geometries 
using Trelis. The parameterized model consisted of the posterior eye, represented by a 
semi-spherical shell split into a peripheral region and a peripapillary (near the ONH) region 
that contained the ONH and surrounding tissues. To be comparable with our previous 
modeling, the peripapillary region was a disc of 1.5 mm diameter. The peripheral region 
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consisted of two layers, namely the choroid and the sclera, with the following dimensions 
derived from the literature: outer radius = 3.375 mm (Lozano & Twa, 2013), sclera 
thickness = 0.105 mm, and choroidal thicknesses = 0.055 mm (Pazos et al., 2015). The 
axis of the shell was aligned with the BMO centroid and the z-axis, where the z-axis 
pointed in the posterior direction, the y-axis pointed in the superior direction, and the x-
axis pointed in the temporal direction. Although the model was fully three-dimensional, we 
built it such that it was symmetric about the y-z plane (i.e. the superior-posterior plane). 
The following tissues were included in the peripapillary region of the model: BM, the 
choroid, the sclera, the optic nerve, the pia mater, the CRV, the CRA, the PNVP, and the 
IAC. 
To generate the model geometry, the following strategy was used (Figure 28). First, 
a hemispherical shell was generated and split into layers. Specifically, the peripheral 
region was split into two layers (the sclera and the choroid), while the peripapillary region 
was split into three layers: the sclera, the choroid, and BM. Note that the choroidal 
thickness in the peripapillary region was equal to the peripheral choroid thickness minus 
the BM thickness (0.052 mm in the baseline model). For all other tissues, a series of cross-
sectional shapes were generated based on average values from tissue cross section 
measurements. Each tissue cross section was placed such that its centroid lay on the y-z 
(superior-posterior) plane and the z location was approximately concurrent with the 
appropriate tissue surface. The y location was defined based on the measured x-y 
distance from the BMO centroid. Once the entire set of cross sections for a given tissue 
was correctly positioned, a loft operation was performed, resulting in an initial tissue 
volume. A series of Boolean operations between the volumes was then performed to 
produce the final model geometry. For example, the CRA volume was subtracted from the 
CRV volume and then the lumen was subtracted from the CRV volume to produce the 
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CRV wall. The thicknesses of the CRA wall, the CRV wall, the BM, and the pia mater 
posterior to the sclera were set at 10 µm, 3 µm, and 3 µm, and 10 µm, respectively 
(Schwaner et al., 2018). Lastly, the PNVP filled the space between the pia mater and the 
scleral canal wall. 
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Figure 28. Baseline model geometry. A Generating cross section shapes for the 
optic nerve, pia mater, PNVP (SCO), CRV, CRA, and IAC. B. Initial lofts through the 
cross sections. C. Final volumes after Boolean operations. Minor differences in 
color between A-C are due to limitations of the display software. D. Superior-
inferior cut view of the entire model. E. En face view of tissues with all sections 
anterior and posterior to the sclera hidden. Red lines indicate where the PNVP 
thickness was held constant. Double-headed arrow indicates the dimension of the 
PNVP (SCO) that was varied in the sensitivity analysis. Scale bar is 100 µm. F. 
Superior-inferior cut view of the peripapillary region of the model. G-O. Final 
geometries of tissues within the peripapillary region: BM (G), the choroid (H), the 
sclera (I), the optic nerve (J), the PNVP (K), the pia mater (L), the IAC (M), the 
CRV(N), the CRA (O). Tissues shown in panels G-O are not precisely to scale. All 
tissue colors are the same as in Figure 27. 
Several other modeling decisions are worth mentioning. First, we ensured that the 
space between the optic nerve and CRV was always filled with pia mater tissue. This was 
accomplished by editing the inferior half of the pia mater cross section within the choroid 
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and sclera to intersect with the CRV central axis. In addition, allowing the shape of the 
SCOs to vary often resulted in a poor quality mesh. Therefore, we assumed that the 
thickness of the PNVP tissue surrounding the inferior pia mater was always 25 µm, based 
on measurements we made (Figure 28). However, the distance between the optic nerve 
centroid and superior scleral canal apex was still allowed to vary in the sensitivity analysis. 
In addition, as opposed to our individual-specific models (Schwaner et al., 2018), the CRV 
branches were not included in the CRV geometry. Finally, the shapes and sizes of the 
anterior (at the anterior sclera) and posterior (at the posterior sclera) IAC openings were 
assumed to be equivalent, and the same assumption was made for the ASCO and PSCO. 
5.3.2 Finite Element Modeling Details 
5.3.2.1 Mesh 
The model was meshed with a combination of 4-node tetrahedral, 6-node prism, and 
8-node hexahedral elements. Prism elements were used to mesh BM and tetrahedral 
elements were used to mesh other tissues in the peripapillary region due to their complex 
shapes. The peripheral region was meshed with hexahedral elements. The peripheral 
region of the baseline model (see below) was meshed at approximately the same density 
(156,723 nodes) as our previous individual-specific models (175,000 nodes). Slightly 
fewer nodes were required because the parameterized model did not contain as much 
“sliver” geometry as the individual-specific models, and because we did not include as 
much of the posterior nerve and pia mater in order to save computational resources. The 
peripheral shell was meshed with the same density (57,344 nodes) as the comparable 
region of the generic posterior eye model used in our previous study (Schwaner et al., 
Submitted-b). 
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5.3.2.2 Loads and Boundary Conditions 
We used the “relative displacement” method to account for the effects of prestress 
in our models (Grytz & Downs, 2013), since the measurements of ONH geometry were all 
made from ONHs that had been perfusion-fixed at a non-zero IOP. As previously 
described (Schwaner et al., 2018, Submitted-b), the pressures applied in the model (IOP, 
CRA blood pressure (BP), and CRV BP) were ramped up in two steps. The first step 
brought the model to the stress state it would have experienced at perfusion fixation, i.e. 
IOP was increased from 0 to 10 mmHg, CRV BP was increased from 0 to 10 mmHg, and 
CRA BP was increased from 0 to 40 mmHg. The resulting state of the model was taken 
as the reference for all strain calculations. In the second loading step, CRA BP was 
increased from 40 to 110 mmHg, CRV BP was increased from 10 to 30 mmHg, and the 
magnitude of IOP increase was varied in the sensitivity analysis. 
Boundary conditions were applied to the farthest anterior surface of the peripheral 
model region (at the eye equator). All nodes on this surface were fixed in the z direction, 
nodes lying on the x-z plane were fixed in the y direction, and nodes lying on the y-z plane 
were fixed in the x direction. This had the effect of allowing nodes on this surface to move 
in the r direction but not in the z or θ directions, i.e. to allow radial expansion of the equator, 
but no twisting or axial translation. 
5.3.2.3 Constraints 
Due to the nonconforming mesh between the peripheral region and the peripapillary 
region, tied constraints were applied to join these meshes at their interface. In our previous 
individual-specific models, the inferior and superior surfaces within the CRV would contact 
each other due to bending of the CRA around the scleral sling. In case this happened in 
the current study, we applied a general contact condition without friction to these surfaces. 
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We note that we manually examined a subset of ten models, picking those especially likely 
to incur contact due to a thin choroidal thickness. We only observed contact in one of 
these cases, and conclude that contact was not a common problem. 
5.3.3 Tissue Material Models 
The material models for all tissues were the same as in our previous individual-
specific modeling study (Schwaner et al., Submitted-b). Briefly, all tissues except for the 
sclera were represented as isotropic neo-Hookean solids. All were considered nearly 
incompressible (𝜈 = 0.49) except for the PNVP, IAC, and choroid, whose 𝜈 values were 
included as parameters in the sensitivity study (see below). All of their elastic moduli 
values, 𝐸, were also varied in the sensitivity study. 
The sclera was represented as an isotropic matrix (Mooney-Rivlin solid) reinforced 
by collagen fibers (Girard et al., 2009). The collagen fibers all lay within a defined material 
plane, and their directions varied about a defined preferred axis. Briefly, the stiffness of 
the matrix was defined by the first and second Mooney-Rivlin constants, 𝑐1 and 𝑐2, and its 
compressibility was defined by the bulk modulus, 𝐾. The nonlinear stiffening behavior of 
the collagen fibers was defined by the exponential fiber stress coefficient, 𝑐3, and the fiber 
uncrimping coefficient 𝑐4. in all models, we set 𝑐2 = 0 MPa and 𝐾 = 1 GPa (Girard et al., 
2009, Schwaner et al., Submitted-a). 
The fiber organization was defined by the preferred fiber direction, 𝜃𝑝, and fiber 
concentration factor, 𝑘𝑓, where 𝑘𝑓 = 0 resulted in isotropic fiber orientation within the 
material plane and 𝑘𝑓 = ∞ resulted in all fibers being oriented along the preferred 
direction. The material axes of the sclera were defined element by element such that all 
fibers lay tangent to the scleral surface, a value of 𝜃𝑝 = 0° resulted in a circumferential 
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preferred fiber direction, and a value of 𝜃𝑝 = 90° resulted in a meridional preferred fiber 
direction. Although all scleral tissue shared the same values of 𝑐1 through 𝑐4, the 
peripapillary sclera was subdivided into two regions: a peripapillary sclera region proper, 
and a scleral sling region. This approach allowed us to specify fiber organization in a 
region-specific manner. In all model iterations, we set 𝑘𝑓 = 0 in the peripheral sclera, and 
varied the common 𝑘𝑓 value for the peripapillary sclera and scleral sling. Within the 
peripapillary sclera proper, we set 𝜃𝑝 = 0°, since our previous inverse modeling study had 
found that fibers in the peripapillary sclera were oriented circumferentially on average 
(Schwaner et al., Submitted-a). Within the scleral sling, all fibers were oriented in the x 
direction (along the sling axis) based on a polarized light microscopy image kindly 
provided by Dr. Ian Sigal as well as images from the literature (Baumann et al., 2014).  
5.3.4 Sensitivity Study 
5.3.4.1 Parameters 
We selected a combination of parameters dictating model geometry, tissue material 
properties, and IOP to vary in our sensitivity study (Table 6). The baseline values for all 
parameters were selected either from our own data, or to be consistent with values used 
in our previous individual-specific modeling studies, which in turn were taken from the 
literature (Schwaner et al., 2018, Submitted-b). The ranges of values were chosen to be 
consistent with previous sensitivity studies on human ONH biomechanics (Feola et al., 
2016; Sigal et al., 2005). In more detail, the baseline values of all geometry parameters 
were derived from our own measurements except for eye radius (Lozano & Twa, 2013) 
and the thickness of the sclera and choroid (Pazos et al., 2015), which were taken from 
the literature. All geometry parameters were varied by ± 20% from their baseline value 
(Feola et al., 2016; Sigal et al., 2005), except for IAC opening area which was varied by ± 
 130 
40%,corresponding approximately to a ± 20% variation in IAC opening radius. All material 
properties were varied ± 60% from baseline values (Feola et al., 2016) with the exception 
of values for 𝑐4 and Poisson’s ratio, 𝜈. The range for 𝑐4 was chosen as ± 20% because it 
appears in the exponent of the strain energy density function that dictates fiber behavior, 
so that changes in this parameter had a proportionately larger effect than changes in other 
parameters (Feola et al., 2016; Girard et al., 2009). We varied 𝜈 in tissues that are highly 
vascularized, i.e. contain a relatively large amount of blood compared to other tissues, 
and which thus may not adhere to the typical incompressibility assumption for soft tissues. 
Specifically, we varied the Poisson ration for the PNVP, IAC, and choroid (Feola et al., 
2018). To be consistent with previous studies (Feola et al., 2016; Sigal et al., 2005), 𝜈 in 
these tissues was varied by ± 10% about a baseline value of 0.445. The baseline values 
for sclera 𝑐1, 𝑐3, 𝑐4, were near the average values retrieved in our previous inverse finite 
element modeling study (Schwaner et al., Submitted-a). However, we chose to set the 
baseline 𝑘𝑓 value to be lower than the average for the peripapillary sclera obtained in that 
study. The peripapillary 𝑘𝑓 values spanned a wide range, and we were interested in how 
𝑘𝑓 affected the ONH when varied from low alignment to moderate or high alignment. In 
addition, as discussed in more detail elsewhere (Schwaner et al., Submitted-a), a previous 
study that measured fiber alignment in rat eyes using small angle light scattering reported 
much lower levels of alignment than was found by our inverse method. Therefore, we 
picked a baseline 𝑘𝑓 value such that the range of 𝑘𝑓 would encompass values on the lower 
end of what was found by our inverse method. Lastly, IOP was varied from 20 to 30 mmHg 
because in our experience, this range spans the range of IOP levels in Brown Norway 
rats, considering both normal physiology and chronic experimentally-induced ocular 
hypertension (glaucoma). 
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5.3.4.2 Latin Hypercube Sampling 
Latin Hypercube Sampling (LHS) was chosen to explore the parameter space of the 
ONH model (van Noort et al., 1981; Raspanti et al., 1992). LHS is similar to the Monte 
Carlo sampling method, but is designed to be more efficient by ensuring that the entire 
range of each parameter is sampled with every LHS iteration. This is accomplished by 
dividing parameter ranges into a user-defined number of bins, and randomly assigning 
parameter values within each bin. The user is also given the option to define the shape of 
the sampled probability distribution for each parameter. We specified that all parameters 
be sampled from uniform distributions (Feola et al., 2016), and divided parameter ranges 
into 50 bins. LHS iterations were completed until the standard deviation of both outcome 
measures (see below) converged. A small and unchanging value of each standard 
deviation implied that our outcome measure was stable (Figure 29). All simulations were 
run using the solver FEBio (v2.9.0) (Maas et al., 2012). 
5.3.4.3 Outcome Measures and Parameter Ranking 
We assessed the 95th percentile first principal strain (95_1P) and 5th percentile third 
principal (05_3P) strain in the anterior optic nerve, defined as the nerve tissue anterior to 
the PSCO. We focused on these extreme values of strain because they are most likely to 
induce mechanobiological response. However, the 95th and 5th percentile values were 
chosen rather than the 100th and 0th values in order to avoid artifactual extreme strain 
values due to poorly shaped elements. These values were obtained from computed strain 
distributions weighted by element volume to prevent regions with a high number of small 
elements from biasing results. 
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Table 6. Sensitivity study parameter ranges 
Name Units Baseline Low High 
Choroid Thickness mm 0.055 0.044 0.066 
Sclera Thickness mm 0.105 0.084 0.126 
SCO Superior 
Radius 
mm 0.33 0.264 0.396 
Anterior Pia 
Thickness 
mm 0.02 0.016 0.024 
IAC Opening Area mm2 0.107 0.064 0.150 
Eye Radius mm 3.375 2.7 4.05 
IOP mmHg 25 20 30 
Sclera 𝒄𝟏 MPa 0.035 0.014 0.056 
Sclera 𝒄𝟑 MPa 0.0015 0.0006 0.0024 
Sclera 𝒄𝟒  330 264 396 
Sclera 𝒌𝒇  3.75 1.5 6 
BM 𝑬 MPa 7 2.8 11.2 
Pia 𝑬 MPa 3 1.2 4.8 
Choroid 𝑬 MPa 0.1 0.04 0.16 
PNVP 𝑬 MPa 0.1 0.04 0.16 
IAC 𝑬 MPa 0.1 0.04 0.16 
Nerve 𝑬 MPa 0.03 0.012 0.048 
PNVP 𝝂 MPa 0.445 0.4005 0.4895 
Choroid 𝝂 MPa 0.445 0.4005 0.4895 
IAC 𝝂 MPa 0.445 0.4005 0.4895 
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To determine outcome measure sensitivity to parameter variation, a partial rank 
correlation coefficient (PRCC) approach was utilized (Feola et al., 2016). Briefly, a 
correlation coefficient in the range -1 (strong inverse correlation) to 1 (strong positive 
correlation) was calculated for each outcome measure with respect to each parameter. 
The correlation magnitudes for each parameter were then ranked within each outcome 
measure. In other words, each parameter was assigned a rank from 1 (weakest 
correlation) to 20 (strongest correlation) with respect to each outcome measure. The ranks 
were summed across outcome measure and normalized by the highest possible value, 
i.e. by 40. The resulting “cumulative influence factor” value represented the relative 
influence of each parameter on both outcome measures. The analysis also produces a p-
value that gives the significance of correlation between each parameter and each output 
factor Table 7. We used Bonferonni correction to account for multiple comparisons with 
20 input parameters. Thus, the Bonferonni corrected significance level was 𝛼 =
0.05 20⁄ = 0.0025. 
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Figure 29. Standard deviation of 05_3P strain showing convergence after 1188 
model simulations. 95_1P strain converged similarly. 
5.4 Results 
To ensure that the parameter space was sampled sufficiently, we examined the 
standard deviation of each outcome measure as a function of the number of LHS 
iterations. The standard deviations converged after 24 LHS iterations and 1188 model 
simulations (Figure 29), indicating that the outcome measures had stabilized. We note 
that 12 model variants failed to solve due to FEBio crashes of unknown origin, but this is 
not expected to affect the results since the number of failed models was very small 
compared to the total number of simulations in the study. Across all models, 95_1P strains 
ranged from 1.7% to 7.6%, with a median of 2.5%, while 05_3P strains ranged from -1.5% 
to -8.2%, with a median of -2.9%. Within the baseline model, in which IOP was raised to 
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25 mmHg, 95_1P strain was 2.4% and 05_3P strain was -2.8% (Figure 30). In order to 
provide a better comparison with values from our individual-specific modeling study 
(Schwaner et al. Submitted-b), we also solved the baseline model after applying an IOP 
of 30 mmHg, resulting in a 95_1P strain of 3.0% and a 05_3P strain of -3.6%. The ranges 
observed in the individual-specific modeling study were 3.1% to 3.7% for 95_1P strain and 
-3.5% to -4.2% for 05_3P strain, and thus our parameterized models were generally 
consistent with individual-specific modeling results. Within the baseline model, areas of 
high strain were observed along the inferior and superior sides of the nerve, with slightly 
higher strains in the inferior nerve (Figure 30). The six parameters demonstrating the 
largest influence on optic nerve strains were, in ranked order: optic nerve stiffness, IOP, 
scleral thickness, sclera 𝑘𝑓, sclera 𝑐1 and sclera 𝑐4 (Figure 31). These parameters, pia 
mater stiffness, and eye radius were significantly correlated with both 95_1P and 05_3P. 
Choroidal thickness, PNVP 𝜈, sclera 𝑐3, and PNVP stiffness were significantly correlated 
with 05_3P. SCO superior radius was significantly correlated with 95_1P. The least 
influential parameters were SCO superior radius, anterior pia mater thickness, PNVP 
stiffness, BM stiffness, IAC stiffness, and IAC 𝜈. 
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Figure 30. First and third principal strains in the baseline model at an IOP of 25 
mmHg. The en face view (top row), superior (S)-inferior (I) slice (middle row), and 
nasal (N)-temporal (T) slice (bottom row) are shown. Scale bars shown in the left 
column are all 100 µm. The superior-inferior and nasal-temporal slices are 
indicated by the dashed lines in the en face view displaying the model tissues. 
Tissue colors are the same as in Figure 27. The undeformed configuration is 
shown in all images to ensure that a consistent slice through the model is shown 
across columns. 
5.5 Discussion 
We developed a parameterized rat ONH model and utilized it to investigate the 
influence of 20 different parameters on rat optic nerve strains. Although sensitivity studies 
have been performed on the human ONH using parameterized models (Feola et al., 2016; 
Hua et al., 2018; Sigal et al., 2005), the authors of those studies were able to take 
advantage of the near axisymmetric anatomy of the human ONH and build axisymmetric 
models. We overcame the difficulties introduced by the less-symmetric geometry of the 
rat ONH by automating a series of lofting and Boolean operations to construct our models. 
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Figure 31. Tornado plot showing the cumulative influence factor for each 
parameter included in the sensitivity study. The cumulative influence factor 
represents the relative influence that each parameter had on the strain outcome 
measures. Parameters above the red line were significantly correlated with both 
output factors. Parameters with a (*) were significantly correlated with only one 
output factor. Abbreviations: intraocular pressure (IOP), Bruch’s membrane (BM), 
perineural vascular plexus (PNVP), scleral canal opening (SCO), inferior arterial 
canal (IAC). 
The strain patterns viewed in the baseline model were very similar to those seen in 
the individual-specific models of our previous study that were assigned circumferential 
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peripapillary collagen fibers (Schwaner et al., Submitted-b). In the baseline model, strain 
concentrations along the inferior and superior sides of the nerve were more pronounced 
than along the temporal and nasal sides, and the highest strains occurred in the inferior 
nerve. In addition, as with the individual-specific models, the optic nerve experienced more 
compressive strain than tensile strain. Strain magnitudes were also similar, with the range 
of values in this study containing those observed in the individual-specific modeling study. 
In addition, the baseline model strain magnitudes at 30 mmHg for 95_1P and 05_3P were 
just below and within the individual specific ranges, respectively. All of these similarities 
suggest that we effectively represented the rat ONH geometry with the parameterized 
model. This could be more rigorously confirmed by quantifying regional strains in the 
individual-specific and parameterized models, however, this would be difficult due to the 
way the rat optic nerve cross-sectional shape changes as it passes posteriorly through the 
BM, choroid, and sclera.  
The data from the current study indicates that strain patterns in the rat ONH can be 
effectively represented using the parameterized model (or possibly an improved version 
as discussed below). The implication of this is that use of parameterized models will 
decrease or potentially even eliminate the need for highly labor-intensive individual-
specific modeling. Instead, “near”-individual-specific modeling based on measurements of 
histology or non-invasive ONH imaging could be carried out within rat glaucoma studies 
with high numbers of animal subjects. By this, we mean that each model would be 
informed by measurements from a given eye as described above, even though the 
resulting models would not be exact replicas of the in vivo anatomy; hence the term “near”-
individual-specific. Such an approach would allow ONH damage or cell response patterns 
from a rat eye to be directly compared with strain patterns from matching finite element 
models. This type of study would be extremely powerful for determining how specific forms 
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of biomechanical insult result lead to specific types of damage or cellular responses in the 
ONH. 
Table 7. Significance (p-values) for correlations between input parameters and the 
two outcome measures, 95_1P and 05_3P. The threshold for significance was 
taken as 2.50E-03 after Bonferroni correction (see text), with significant 
correlations being indicated by an asterisk (*). 
Parameter 95_1P 05_3P Parameter 95_1P 05_3P 
Nerve 𝑬  0.00E+00* 0.00E+00* Sclera 𝑐3 3.60E-02 1.64E-03* 
IOP 0.00E+00* 0.00E+00* Choroid 𝐸  3.51E-02 5.24E-03 
Sclera 
Thickness 
5.24E-147* 2.07E-138* Choroid 𝜈  1.30E-02 1.45E-01 












Pia 𝑬  5.11E-04* 1.55E-05* PNVP 𝐸  6.71E-01 6.28E-05* 
Eye Radius 3.59E-08* 2.09E-04* BM 𝐸  5.06E-01 4.37E-01 
Choroid 
Thickness 
2.57E-01 3.77E-06* IAC 𝐸  6.89E-01 3.94E-01 
PNVP 𝝂  1.78E-01 7.79E-06* IAC 𝜈  6.43E-01 4.68E-01 
As expected, scleral properties were highly influential on rat optic nerve strain. 
Indeed, other than IOP and optic nerve stiffness, four of the six most influential parameters 
were features of the sclera: thickness, 𝑘𝑓, 𝑐1, and 𝑐4 (Figure 31). Previous sensitivity 
studies on the human eye also found that scleral properties were some of the most 
influential parameters on ONH biomechanics (Hua et al., 2018; Sigal, 2009; Sigal et al., 
2005). However, it is interesting to note that the sclera parameter 𝑐3 was much less 
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influential. Since 𝑐1 is the only term that affects scleral compressive stiffness and since 𝑐4 
appears in the exponent term of the strain energy density function, it is not surprising that 
they are highly influential. Furthermore, previous studies have found that removing s-
glycosaminoglycans from the sclera ground substance, which would likely correlate most 
with changes in 𝑐1, had a substantial effect on scleral biomechanical behavior (Murienne 
et al., 2016, 2015). This is consistent with our findings. However, what was surprising was 
that sclera 𝑐1 and 𝑐4 were so much more influential than sclera 𝑐3. This result is probably 
due to the fact that we accounted for preload, i.e. we evaluated strains occurring due to 
increases in IOP from a reference state in which IOP was 10 mmHg. The parameter 𝑐4 
becomes more dominant in the strain energy density function as stress increases and 
collagen fibers experience greater stretch. In other words, by focusing on strains 
referenced to an IOP of 10 mmHg, we did not include IOP levels in which 𝑐3 might have 
dominated scleral tensile stiffness, and therefore likely would have had higher influence 
on optic nerve strains. To acquire accurate anatomical measurements and prevent 
buckling artifacts in eye specimens, researchers are forced to perfusion fix eyes or to apply 
a preload before mechanical testing. However, the data from this study brings up the 
question: is it adequate to only assess strains that occur at levels of pressure higher than 
those required for perfusion fixation or those used as preload before mechanical testing? 
Is it necessary to have information on deformation at low pressure levels in order to predict 
how cells will respond at glaucomatous pressure? In addition, is this knowledge needed 
to determine which aspects of the ONH biomechanical environment are most important to 
an ONH’s susceptibility to glaucomatous damage and remodeling? These are important 
questions that should be considered in future modeling and experimental studies. 
The high influence of the scleral 𝑘𝑓 parameter is not unexpected, but nonetheless is 
important to note. Highly detailed information about scleral fiber organization is starting to 
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become available (Gogola et al., 2018; Pijanka et al., 2019), but data for the rat is still 
inadequate for precise modeling. A previous study using small angle light scattering 
provided an important first step for quantifying regional rat scleral fiber direction and 
degree of alignment, but the results were highly variable from rat to rat (Girard et al., 2011). 
Our previous inverse modeling study on the rat sclera also returned highly variable fiber 
directions and alignment values (Schwaner et al, Submitted-a). The results shown here 
indicate the importance of applying new technologies to quantify fiber organization in the 
rat sclera to inform future modeling attempts. In addition, as 𝑐4 is meant to model the 
uncrimping rate of collagen fibers, fiber crimp data should also be gathered. 
The relatively high influence of the choroidal and pia mater stiffnesses make these 
tissues good targets for future studies aimed at determining rat ONH material properties. 
However, the geometry of the parameterized model from this study may need to be refined 
to confirm the importance of the choroidal stiffness. For simplicity, the choroid was 
modelled as having a constant thickness throughout the entire posterior eye, which likely 
resulted in overestimating its average thickness. Unlike scleral and pia mater stiffnesses, 
increased choroid stiffness resulted in increased optic nerve strains. Like the sclera, the 
pia mater is reinforced with collagen fibers (van Noort et al., 1981; Raspanti et al., 1992), 
so efforts should be made to quantify their organization and stiffness in the rat. Such 
stiffness properties will be quite challenging to assess since the rat pia mater is very 
difficult to isolate. 
Of the parameters at the bottom of the influence rankings, only anterior pia mater 
thickness was surprising. We had hypothesized that pia mater properties would be highly 
influential in the rat because the rat optic nerve is surrounded by pia mater tissue as far 
anterior as BM, whereas the pia mater in the human terminates at the posterior sclera. On 
the other hand, it is helpful to know that PNVP stiffness, stiffness of tissue within the IAC, 
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and BM stiffness are not highly influential, as they would be extremely difficult to access 
in order to measure their material properties. Of course, as discussed in the Limitations 
section, this conclusion assumes that we chose good ranges within which to vary these 
parameters. 
5.5.1 Limitations 
As in our individual-specific modeling work, a major limitation of this study is our lack 
of knowledge about the material properties in the rat ONH. In one sense, this lack of 
knowledge made the current study highly worthwhile because it allowed us to identify first 
priorities for future tissue characterization studies. Nevertheless, this lack of knowledge 
may have affected the results. For example, incorrect material property baseline values 
or ranges can bias sensitivity study results, e.g. specifying unrealistically wide ranges for 
a parameter can artificially increase its cumulative influence factor. In addition, although 
our model was definitely an improvement from one in which the sclera was represented 
as a neo-Hookean material, the sclera was here represented as having only a single layer 
of collagen fibers, and as only having three sub-regions with unique fiber directions: 
peripheral sclera, peripapillary sclera proper, and the scleral sling. In reality, the sclera 
likely has multiple layers of fibers, and differing fiber organization by layer and location 
(Gogola et al., 2018; Pijanka et al., 2015). Lastly, as tissues that were ranked as being 
highly and moderately influential, the pia mater and choroid should be modelled differently. 
Specifically, we recommend that the pia mater be represented with a fiber-reinforced 
material model; unfortunately, the best way to represent choroidal properties is unclear. 
Even though the parameterized models successfully recreated general strain 
patterns that were seen in the individual-specific modeling study, there were also 
limitations with the parameterized geometries. Although parameterized models such as 
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ours can never perfectly represent true anatomy, there are some aspects of the current 
model that could be improved while maintaining the ability to automatically generate ONH 
geometries. The most important of these is the assumption of constant thickness for the 
sclera. In addition, we informed the scleral thickness in this model with measurements that 
were taken in and near the peripapillary sclera (Pazos et al., 2015). Future work should 
include a sclera that, at the very least, varies in thickness with distance from the ONH and 
incorporates measurements of thickness from the peripheral sclera. As mentioned, the 
same improvements should be made to the choroid. 
We chose to quantify strains within the anterior optic nerve, defined as the nerve 
tissue between the BM surface and the posterior scleral surface. This meant that the 
region within which we quantified strains varied with choroidal and scleral thicknesses, 
which may have artificially increased the influence of these parameters. However, a similar 
situation would have occurred had we picked an absolute distance from BM within which 
to quantify strains. Therefore, we chose to use the current analysis method since we were 
most interested in strain values within and anterior to the scleral canal, the region where 
glaucomatous damage occurs (Morrison et al., 2011; Tehrani et al., 2016). 
Constraints should be added to the anterior faces of the CRA and CRV. In most 
models, the CRA (and adjacent CRV wall) “bends” around the scleral sling toward the 
superior CRV wall. This causes high strains in the small areas of the anterior-inferior nerve 
(not the main strain concentration seen in the superior-inferior slice view) that are adjacent 
to the CRA, as can be seen in the en face view (Figure 30). It was for this reason that we 
chose not to consider CRA stiffness, CRV stiffness, or blood pressure in this study, since 
we were concerned that varying these properties may have resulted in numerical 
convergence issues. These factors could be considered in future studies after constraints 
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are added to the anterior vessels’ surfaces to prevent unrealistic deformations from 
happening. 
Finally, the results from these models have not been validated. It may be possible to 
do so as non-invasive imaging, such as optical coherence tomography, improves, but 
even still will be extremely challenging. 
5.6 Conclusion 
We developed a parameterized finite element model of the rat ONH and used it to 
carry out a sensitivity study evaluating the influence of six geometric parameters and 14 
material properties on optic nerve strains. Strain patterns and magnitudes coincided well 
with those observed in our previous study using individual-specific geometries, including 
the pattern that the highest strains occurred in the inferior optic nerve. After optic nerve 
stiffness and IOP, the most influential parameters were those that specified scleral 
thickness, scleral fiber degree of alignment, scleral fiber stiffness, and scleral ground 
substance stiffness. Thus, effort should be made to determine more accurate values for 
these properties. The results from this study can be used to inform future modeling studies, 
as well as studies aimed at determining rat ONH tissue material properties. In addition, an 
improved version of this parameterized model could potentially be used to generate near-
individual-specific rat ONH finite element models in rat glaucoma studies in order to learn 
more about how patterns of biomechanical insult result in damage and influence cell 
behavior in glaucoma. 
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CHAPTER 6. INDIVIDUAL-SPECIFIC MODELING OF RAT 
OPTIC NERVE HEAD BIOMECHANICS IN GLAUCOMA 
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Abstract 
Glaucoma is the second leading cause of blindness worldwide and is characterized 
by the death of retinal ganglion cells (RGC), the cells that send vision information to the 
brain. Their axons exit the eye at the optic nerve head (ONH), the main site of damage in 
glaucoma. The importance of biomechanics in glaucoma is indicated by the fact that 
elevated intraocular pressure (IOP) is a causative risk factor for the disease. However, 
exactly how biomechanical insult leads to RGC death is not understood. Although rat 
models are widely used to study glaucoma, their ONH biomechanics have not been 
characterized in depth. Therefore, we aimed to do so through finite element (FE) modeling. 
Utilizing our previously described method, we constructed and analyzed ONH models with 
individual-specific geometry in which the sclera was modeled as a matrix reinforced with 
collagen fibers. We developed eight sets of scleral material parameters based on results 
from our previous inverse FE study, and used them to simulate the effects of elevated IOP 
in eight model variants of each of seven rat ONHs. Within the optic nerve, highest strains 
were seen inferiorly, a pattern that was consistent across model geometries and model 
variants. In addition, changing the collagen fiber direction to be circumferential within the 
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peripapillary sclera resulted in greater decreases in strain than changing scleral stiffness. 
The results from this study can be used to interpret data from rat glaucoma studies to learn 
more about how biomechanics affects RGC pathogenesis in glaucoma. 
6.2 Introduction 
Glaucoma is the most prevalent cause of irreversible blindness, but current therapies 
are not always effective. The disease is characterized by the dysfunction of retinal 
ganglion cells (RGC), which send vision information from the retina to the brain via axons 
that form the optic nerve. Blindness in glaucoma results from RGC apoptosis, but it is not 
well understood what triggers this process. A large body of evidence indicates that 
biomechanical insult is an important driver in glaucoma pathophysiology, including the fact 
that elevated intraocular pressure (IOP) is a key risk factor for the disease (Campbell et 
al., 2014). Further, previous modeling studies have shown that elevated IOP results in 
increased stress and strain in the optic nerve head (ONH), the region in the posterior eye 
where RGC axons exit the globe (Hua et al., 2018; Sigal et al., 2004, 2009); in fact, the 
ONH is also a main and early site of glaucomatous damage (Burgoyne, 2011; Yang et al., 
2017). However, the links between biomechanical insult and RGC apoptosis have not 
been elucidated. 
This incomplete understanding is due in part to the complexity of the relationship 
between biomechanics and cell dysfunction. Biomechanical insult to the ONH leads to 
tissue damage/remodeling (Yang et al., 2017), as well as alteration of the behavior of 
several different cell types within the ONH, and thus, disruption of RGC homeostasis 
(Alqawlaq et al., 2018). In addition, different ONHs appear to have different levels of 
susceptibility to damage, as some people with higher-than-normal IOP never experience 
glaucomatous neuropathy, while others get glaucoma even at normal IOP levels. 
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However, the characteristics that predispose an ONH for damage are not known. 
Therefore, detailed study of the biomechanical environment of the ONH and cell 
phenotypic changes occurring in glaucoma are necessary. 
More precise knowledge of the sequence and interaction of events leading to RGC 
death would provide information for much-needed novel therapies. To better understand 
the role that biomechanics plays in RGC apoptosis, a model is needed which allows both 
precise characterization of ONH biomechanics as well as the ability to observe cellular 
responses at all stages of the disease. The rat ocular hypertensive models of glaucoma 
are good candidates because they present with important characteristics of human 
glaucoma when IOP is elevated, and because both chronic and acute models of IOP 
elevation are available (Morrison et al., 2016, 2011). In addition, rat models have 
advantages over primate models for mechanistic studies because of their lower cost, ease 
of care, and low genetic variability between individuals. 
However, the rat ONH has substantial differences in anatomy from that of the human 
and the primate (Pazos et al., 2015), and preliminary modeling studies on the rat ONH 
predicted that such differences result in patterns of mechanical stress and strain that differ 
from those in the human ONH (Schwaner et al., 2018). Of note are five key anatomic 
differences (Figure 32): (1) The rat does not have a connective tissue lamina cribrosa 
within its scleral canal. (2) Instead of passing through the center of the nerve, the central 
retinal vein (CRV) and artery (CRA) pass through the sclera on the inferior side of the 
nerve. (3) A vascular plexus, referred to as the perineural vascular plexus (PNVP), exists 
between the optic nerve and the neurovascular scleral canal wall. (4) An additional canal, 
the inferior arterial canal (IAC), exists in the rat sclera and is separated from the 
neurovascular canal by a so-called scleral sling. The CRA passes through the IAC. (5) On 
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the superior side of the nerve, Bruch’s membrane (BM) extends toward the nerve axis, 
creating a BM “overhang” around which RGC axons are forced to pass.  
Thus, an in-depth characterization of rat ONH biomechanics is needed, but, so far, 
our two previous studies are the only existing attempts (Schwaner et al., 2018, Schwaner 
et al. Submitted-a). In the first, we presented a method for building finite element models 
of rat ONHs with individual-specific geometries and showed the strain patterns computed 
in three such models. We assumed tissue material properties similar to those used in 
previous human modeling studies. In the second paper, we performed inverse finite 
element modeling to extract material properties of the rat sclera, as scleral stiffness has 
been previously shown to be highly important in rat ONH biomechanics (Hua et al., 2018; 
Sigal et al., 2005).  
Our goal here was to build on these two efforts by creating rat ONH finite element 
(FE) models incorporating individual-specific geometries and scleral material properties 
extracted from our previous inverse FE modeling study. We built seven ONH model 
geometries and analyzed eight variants of each model by varying scleral material 
properties, resulting in a total of 56 simulations. We analyzed strain magnitudes and 
patterns within the rat ONH due to elevated IOP as well as the expansion of the optic 
nerve and neurovascular scleral canal openings. The results from this study can be 
compared with patterns of damage and cell behavior in rat glaucoma studies to learn more 
about the role of biomechanical insult in RGC pathophysiology. 
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Figure 32. Histologic section of the rat (A) and schematic drawing of the human 
(B) ONH illustrating their anatomical differences, including 5 key differences of 
particular interest (numbered 1-5) as described in the text. Abbreviations: central 
retinal artery (A) and central retinal vein (V). From (Schwaner et al., 2018). 
 
6.3 Methods 
We have previously presented a detailed methodology for building FEM models of 
rat ONHs incorporating individual-specific geometry. That same method was used here, 
with the exception of steps to assign material properties to the sclera. 
6.3.1 Model Geometry 
Three dimensional (3D) digital reconstructions of eight normotensive male Brown 
Norway rat ONHs (ages 9.5 to 10.5 months) were built using a previously described 
method (Pazos et al., 2015). One of these reconstructions did not provide enough 
information for modelling, so it was excluded from the present study. Using custom 
software (Multiview, (Downs et al., 2007)), tissue boundaries were manually delineated 
within radial and transverse sections through the ONH. Bruch’s membrane (BM), BM 
opening (BMO), the anterior scleral surface, the posterior scleral surface, the anterior 
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scleral canal opening (ASCO), the posterior scleral canal opening (PSCO), the optic nerve 
boundary, the posterior pia mater outer surface, and the side branches of the central 
retinal vein (CRV) were delineated within radial sections that shared an axis of rotation 
passing through the center of the optic nerve. The central retinal artery, main CRV lumen, 
and inferior arterial canal (IAC) (also referred to as the inferior arterial opening (Pazos et 
al., 2015)) were delineated by viewing transverse sections (perpendicular to the optic 
nerve axis). The resulting 3D point clouds were exported to Rhino (v5 SR 14, Robert 
Mcneel and Associates, Seattle, WA).  
A more detailed description of the geometry building methodology can be found in 
(Schwaner et al., 2018). In brief, nonuniform rational basis spline surfaces were fit to the 
point clouds using several different Rhino tools. Next, through a series of Boolean 
operations and several other tools available in Rhino and the Rhino T-Splines plugin 
(Autodesk, Inc., San Rafael, CA), 3D volumes were built for the following tissues: BM, the 
choroid, the sclera, the PNVP, the IAC, the optic nerve, the CRA, and the CRV. We chose 
to exclude the dura mater but plan to include it in future studies that consider the effects 
of changes in intracranial pressure. Due to artifacts such as deformation of the sclera 
during tissue processing, only tissue contained within a cylinder of diameter 1.5 mm 
centered at BM opening were included in the model. To ensure that the resulting 
geometries accurately represented the true anatomy of the tissues, we used custom 
Rhino.Python and Matlab (2017a; Mathworks, Natick, MA) scripts to project the 
boundaries of tissue volumes onto the original digital sections through the ONH 
reconstructions. Lastly, the sclera was subdivided into several regions for assigning 
regional material properties. Specifically, the scleral sling (the scleral tissue between the 
IAC and scleral canal) was first divided from the rest of the sclera, after which the 
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remaining scleral volume was divided into superior, inferior, temporal, and nasal quadrants 
(Figure 33). 
 
Figure 33. MR11OS model geometry. A. En face view of the sclera. The scleral 
sling as well as the superior (S), nasal (N), inferior (I), and temporal (T) scleral 
quadrants are shown in different shades of blue. The neurovascular scleral canal 
is just superior to the sling, and the IAC is inferior to the sling. The black line 
indicates the division between the central region that was meshed with tetrahedral 
elements and the outer region that was meshed with hexahedral elements. B. En 
face view of the model with only the choroid and BM hidden. The optic nerve 
(green), pia mater (cyan), CRV (pink), CRA (red), IAC (magenta), and PNVP (gray) 
are visible. C. Superior-Inferior cut plane view of the model with all tissues visible. 
The choroid (yellow) and BM (orange) have been added to the view. 
 
6.3.2 Meshing and Constraints 
Model geometries were imported into Trelis (16.5; Computational Simulation 
Software LLC, American Fork, UT) for meshing using a combination of 4-node tetrahedral, 
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6-node prism, and 8-node hexahedral elements. The tetrahedral elements were used in 
the central region of each model where the complex geometry could not be meshed with 
hexahedral elements, with the exception of BM, which was meshed with prism elements. 
The peripheral region of each model containing only BM, choroid, and sclera tissue was 
meshed with hex elements. Each model was meshed with approximately the same mesh 
density of 175,000 nodes or more (Schwaner et al., 2018). Tied constraints were applied 
at the interface of the outer (hex elements) and inner (tet and prism elements) model 
regions. Due to the CRV geometry in two models, MR05_OD and MR08_OD, contact 
occurred between the inner surfaces of the CRV vessel wall, so a general contact 
condition without friction was applied in those models. 
6.3.3 Material Properties 
All tissues other than the sclera were treated as isotropic, nearly-incompressible (𝜈 
= 0.49) neo-Hookean solids with the same elastic modulus values as in our previous 
publication (BM: 7MPa; pia mater: 3 MPa; CRA wall: 0.3 MPa; CRV wall: 0.3 MPa; choroid: 
0.1 MPa; PNVP: 0.1 MPa; IAC: 0.1 MPa; optic nerve: 0.03MPa) (Schwaner et al., 2018). 
The material model chosen to represent the sclera was an isotropic matrix reinforced 
by collagen fibers. The fibers lay within the plane locally tangent to the scleral surface, 
and their orientations followed a Von Mises distribution centered about a preferred 
direction (Girard et al., 2009). The stiffness of the ground substance (all tissue 
components other than collagen fibers) was dictated by the first Mooney-Rivlin coefficient, 
𝑐1, and its compressibility was dictated by the bulk modulus 𝐾. In all simulations, we 
assumed that the sclera was nearly incompressible and thus set 𝐾 = 1 GPa (Girard et al., 
2009, Schwaner et al. Submitted-a). The nonlinear stiffening behavior of the collagen 
fibers was dictated by the exponential fiber stress coefficient, 𝑐3, and the fiber uncrimping 
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coefficient, 𝑐4. The fiber directions were specified by the preferred fiber direction, 𝜃𝑝, 
measured relative to a local material coordinate system, and the degree of fiber alignment 
was specified by the fiber concentration factor, 𝑘𝑓. A value of 𝑘𝑓 = 0 resulted in fibers 
being spread uniformly in all directions within the material plane (transverse isotropy), 
while a value of 𝑘𝑓 = ∞ resulted in all fibers being aligned in the preferred direction, 𝜃𝑝. 
The material coordinate system of each element in the sclera was defined so that all fibers 
lay within a plane locally tangent to the scleral surface, with a value of 𝜃𝑝 = 0° representing 
a fiber axis in the circumferential direction, and a value of 𝜃𝑝 = 90° representing a fiber 
axis in the meridional direction. 
We utilized scleral material parameter values determined by our previous inverse 
FEM study. However, we reasoned that it would have been inappropriate to combine them 
into a single set of “average” parameter values for modeling studies. Specifically, several 
parameters are used to describe the behavior of the sclera material model, and these 
parameters interact nonlinearly with each other to influence model behavior. Thus, an 
“average” set of parameters could potentially result in scleral biomechanical behavior that 
was physiologically unrealistic. Therefore, we instead selected four material parameter 
sets from eyes in the inverse FEM study, as described below, and created two groups of 
four parameter sets (“model variants”).  
How did we choose scleral material parameters? Since fiber stiffness likely 
dominates scleral mechanical behavior at high IOP, we chose four parameter sets based 
on their fiber stiffnesses. Specifically, using the 𝑐3 and 𝑐4 values from each eye, we 
generated stress-stretch curves for a single fiber from the following (Maas et al., 2012): 
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 𝜎 = 𝑐3(𝑒
𝑐4(𝜆−1) − 1) (10) 
where 𝜎 is the fiber stress and 𝜆 is the fiber stretch. We chose one eye with high fiber 
stiffness, two eyes with midrange fiber stiffnesses, and one eye with low fiber stiffness 
(Figure 34).  
 
Figure 34. Stress-stretch curves for a single collagen fiber generated from the 𝒄𝟑 
and 𝒄𝟒 values obtained in (Schwaner et al., Submitted-a). We chose to use the four 
parameter sets associated with the curves indicated in the figure for the current 
study. Model variants (v) that utilized parameters from each set are also listed. 
Using these parameter sets, we then created 8 model variants, grouped into two 
sets of four. In variants 1-4, we used 𝑐1, 𝑐3, and 𝑐4 values, determined as descried above 
and specified uniformly throughout the sclera. We also specified eye-specific fiber 
orientation parameter values for the sclera, taken from the same four eyes used to specify 
𝑐1, 𝑐3, and 𝑐4 values. In variants 5-8, we used the same set of 𝑐1, 𝑐3, and 𝑐4 values, but 
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combined these with fiber orientation parameters averaged over several eyes (see below 
and Table 8). Note that the individual-specific geometries in the current study did not 
extend past the defined peripapillary scleral region in our previous inverse FEM study 
(outer diameter of 1.5 mm), so only the peripapillary 𝜃𝑝 and 𝑘𝑓 values were utilized here. 
Table 8. Scleral material properties applied in each of eight model variants (v). 
 v1 v2 v3 v4 v5 v6 v7 v8 
𝒄𝟏 (MPa) 0.043 0.04 0.045 0.031 0.043 0.04 0.045 0.031 
𝒄𝟑 (MPa) 0.0054 0.0022 0.0001 0.0001 0.0054 0.0022 0.0001 0.0001 
𝒄𝟒 312 243 433 349 312 243 433 349 
𝜽𝒑_𝑻 (°) 142 54 79 17 0 0 0 0 
𝜽𝒑_𝑺 (°) 137 2 19 89 0 0 0 0 
𝜽𝒑_𝑰 (°) 104 63 149 138 0 0 0 0 
𝜽𝒑_𝑵 (°) 51 173 8 129 0 0 0 0 
















𝒌𝒇_𝑻 10 10 8.45 2.3 6.31 6.31 6.31 6.31 
𝒌𝒇_𝑺 10 4.4 1.61 9.6 6.31 6.31 6.31 6.31 
𝒌𝒇_𝑰 3.96 2.88 4.94 7.7 6.31 6.31 6.31 6.31 
𝒌𝒇_𝑵 7.41 5.45 4.48 0.86 6.31 6.31 6.31 6.31 
𝒌𝒇_𝒔𝒍𝒊𝒏𝒈 6.31 6.31 6.31 6.31 6.31 6.31 6.31 6.31 
         
In more detail, in variants 1-4, each of the scleral quadrants received its own 𝜃𝑝 
(𝜃𝑝_𝑆, 𝜃𝑝_𝐼 , 𝜃𝑝_𝑇 , 𝜃𝑝_𝑁,) and 𝑘𝑓 (𝑘𝑓_𝑆, 𝑘𝑓_𝐼, 𝑘𝑓_𝑇, 𝑘𝑓_𝑁) values. In variants 5-8, we utilized fiber 
stiffness properties from the four selected eyes but assumed that 𝜃𝑝 = 0° and 𝑘𝑓 = 6.31 
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for all scleral quadrants. This approach was motivated by observations of high variability 
in regional 𝜃𝑝 and 𝑘𝑓 values from the iFEM study (Schwaner et al., Submitted-a), which 
led to concerns about noisiness in the 𝜃𝑝 and 𝑘𝑓 values for individual scleral regions. Since 
the overall data trends indicated that fibers were oriented circumferentially, on average, 
we considered it to be useful to create models that reflected this average fiber orientation. 
The scleral sling was not included as a specific region in our previous iFEM study, 
and thus we did not have material parameters for this region. Based on a polarized light 
microscopy image kindly provided by Dr. Ian Sigal and other images from the literature 
(Baumann et al., 2014), in all variants 1-8 we set the fiber direction within the scleral sling, 
𝜃𝑝_𝑠𝑙𝑖𝑛𝑔, to be parallel to the sling axis (i.e. angled slightly from the Nasal-Temporal 
direction). We also set the fiber concentration factor, 𝑘𝑓_𝑠𝑙𝑖𝑛𝑔 to be 6.31, which was the 
average value for peripapillary scleral regions in the iFEM study.  
In summary, we ran eight simulations (one for each model variant) within each of the 
seven rat ONH geometries, for a total of 56 simulations. 
6.3.4 Loading Conditions 
Since the ONH geometries were perfusion-fixed at a non-zero IOP, we used the 
“relative displacement” method to account for the effects of prestress (Grytz & Downs, 
2013). Therefore, the pressures in the model (IOP, CRA blood pressure (BP), and CRV 
BP) were ramped up in two steps, as previously described (Schwaner et al., 2018). In the 
first step the ONH was loaded until it reached the stress state experienced at perfusion 
fixation. Thus, IOP was increased from 0 to 10 mmHg, CRV BP was increased from 0 to 
10 mmHg, and CRA BP was increased from 0 to 40 mmHg. In the second step, IOP was 
increased from 10 to 30 mmHg, CRV BP was increased from 10 to 30 mmHg, and CRA 
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BP was increased from 40 to 110 mmHg. The resulting model configuration after the first 
loading step was used as the reference configuration for all displacement and strain 
calculations. Thus, all displacement and strain values reported reflect the change due to 
an IOP increase from 10 to 30 mmHg. Reported stress values reflect the change due to 
IOP increase from 0 to 30 mmHg (i.e. they include prestress). 
6.3.5 Boundary Conditions 
To apply boundary conditions to the ONH models, we used a submodeling boundary 
approach, as previously described in detail (Schwaner et al., 2018). However, we here 
solved four posterior eye model versions instead of the one model that was used 
previously. In more detail, to match the scleral stiffness properties of the ONH models, we 
generated four posterior eye model versions, one for each set of 𝑐1, 𝑐3, and 𝑐4 values. 
Further, since the purpose of the posterior eye model was to provide suitable boundary 
conditions for the ONH model, rather than to determine strain patterns near the ONH, we 
assumed 𝑘𝑓 = 0 throughout the sclera in all four versions, eliminating the need to specify 
a 𝜃𝑝 value. IOP was applied in two steps from 0 to 10 mmHg and 10 to 30 mmHg as in 
the ONH models. Nodes on the farthest anterior surface of the model (at the eye equator 
location) were not allowed to move in the 𝑧 or 𝜃 directions but were allowed to displace 
radially, where the 𝑧 axis was aligned with the central axis of the half sphere. To apply 
boundary conditions to the ONH models, each ONH model was semi-automatically 
registered with the posterior eye model and displacements from nearby nodes in the 
posterior eye model were interpolated to nodes on the peripheral (farthest from the optic 
nerve) surface of the ONH model. 
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6.3.6 Outcome Measures 
All simulations were run using FEBio (v2.9; (Maas et al., 2012)). To assess the effect 
of elevated IOP on the ONH, we calculated the 50th (median) and 95th percentile first 
principal strain and the 50th and 5th percentile third principal strain, in the anterior nerve. 
The anterior nerve was defined as the nerve tissue from BM opening to approximately 150 
µm posterior to the opening. The 95th and 5th percentiles were selected rather than the 
100th and 0th in order to exclude the extreme values often produced by a few elements of 
poor shape quality. In addition, all percentiles were weighted by element volume to prevent 
areas of the nerve that contained large numbers of relatively small elements from biasing 
the results. 
We also calculated the change in area of the ASCO, of the PSCO, of the nerve 
opening at the ASCO (nerve-ASCO), and of the nerve opening at the PSCO (nerve-
PSCO). To find ASCO area, we fit a plane through the nodes lying on the ASCO edge, 
projected those nodes to the plane, and found the area enclosed in the resulting curve. 
This was repeated for the PSCO. Next, the planes fit through the ASCO and PSCO were 
used to select nodes outlining the nerve boundary at the level of each opening. Nodes on 
the nerve boundary surface within 5 µm of each plane were selected, and the areas of the 
nerve-ASCO and nerve-PSCO were then calculated using the same method as for the 
ASCO and PSCO. 
As detailed by Pazos et al. (Pazos et al., 2016), the eyes used in this study were 
obtained from rats in which one eye of each rat was normotensive (the eyes we modeled) 
while the contralateral eyes were hypertensive. The axonal damage within the optic nerve 
of each hypertensive eye was assessed using a grading system (Jia et al., 2000), which 
assigned scores from 1 (no damage) to 5 (degeneration involving the entire nerve area). 
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We tested each of our biomechanical modeling outcome measures for association with 
the damage score in the contralateral eye using Pearson correlation to determine whether 
there were animal-specific anatomic features that would lead to an association between 
biomechanical factors and nerve damage. Note that this approach assumes a high degree 
of contralateral concordance in anatomy and other physiological properties of the rat ONH. 
6.4 Results 
As shown in Figure 35, within model variants 1-4, anterior nerve principal strains 
depended on both geometry and scleral material properties. Within variant 1, there was 
especially large differences in strain between geometries, with the range in 50th percentile 
third principal strain being -2.4% to -4.1%. Also within variants 1-4, the ordering of 
geometries with respect to strain level was not consistent. For example, MR11OD had 
one of the highest 95th percentile 3rd principal strain values in variant 1, yet also had the 
lowest value among models in variant 2. In variants 5-8, within which only fiber stiffness 
values were changed, the variation in strain between geometries and between variants 
was much smaller. For example, the maximum difference in 50th percentile 3rd principal 
strain between geometries was only 0.58% and the maximum difference produced by 
changes in material properties was only 0.26%. In addition, the ordering of geometry with 
respect to strain value was consistent across variants 5-8. Lastly, all strain values within 
variants 5-8 were smaller in magnitude than those in variants 1-4. 
Like the principal strain values, principal stress values had smaller magnitude in 
variants 5-8 compared to variants 1-4 (Figure 36). However, changes in stress due to 
geometry were on the same order as those due to differences in material properties. 
Overall, the models demonstrated more compressive stress in the nerve than tensile 
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stress, with some models even having negative values for the 50th percentile first principal 
stress. 
 
Figure 35. Principal strains in the anterior nerve from all model simulations. The 
groupings of lines from top to bottom are the 95th percentile 1st principal strain, 
50th percentile 1st principal strain, 50th percentile 3rd principal strain, and 5th 
percentile third principal strain. The different colors indicate different ONH model 
geometries. 
The magnitudes of ASCO, PSCO, nerve-ASCO, and nerve-PSCO expansion were 
all low, with values ranging from approximately 0.5% to 3.1% increases in area (Figure 
37). Trends in the data were similar to those seen in the strains. More variation occurred 
within variants 1-4 compared to 5-8, and variants 5-8 had lower change in area than 
variants 1-4, in general. 
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All outcome measures were tested for possible association with contralateral eye 
optic nerve damage grade. The r2 values and p values of the resulting linear regressions 
were highly variable between model variants for all outcome measures, and there were 
no significant correlations between any outcome measure and damage grade. We plotted 
95th percentile strain versus damage grade from model variants 1, 4, 5, and 8 as an 
example (Figure 38). 
 
Figure 36. First and third principal stresses in the anterior nerve for all models. 
Asterisks indicate first principal stress and open circles indicate third principal 
stress. Solid lines indicate 50th percentile values and dashed lines indicate either 
95th percentile first principal stress or 5th percentile third principal stress.  
To examine patterns of strain within the nerve due to changes in material properties, 
we plotted heat maps showing first and third principal strain in all model variants of 
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MR11_OS (Figure 39). As seen in the en face views and superior-inferior cut views, first 
and third principal strain concentrations occurred primarily in the inferior nerve. This effect 
was less pronounced in variants 5-8 compared to variants 1-4, but the regions of highest 
strain were still found in the inferior nerve. As seen in the nasal-temporal cut, it appears 
that there was a slight tendency for higher strains to occur toward the nasal side of the 
nerve, but this was not as pronounced as the difference between the inferior and superior 
nerve. 
To examine how patterns of strain varied between geometries, we plotted heat maps 
showing first and third principal strain in four eyes for variant 1 (Figure 40). Again, the 
highest strains and largest regions of high strain were consistently found in the inferior 
nerve. This effect was seen in all four eyes but was most pronounced in MR08_OD. 
Compared to MR10OS and MR09OS, MR05OD and MR08OD had lower strains in the 
superior nerve, particularly near the BM overhang on the superior side of the anterior 
nerve. 
6.5 Discussion 
This study is the first to perform individual-specific computational modeling of rat 
ONH biomechanics while incorporating a fiber-reinforced model for the sclera, an 
improvement on past models that modelled the sclera as a simple neo-Hookean solid. We 
built seven rat ONH models with individual-specific geometries and incorporated material 
properties that were informed by our previous inverse FEM study. To assess the effects 
of elevated IOP on the rat ONH, eight variants of each ONH model were solved, each with 
a different set of material properties for the sclera. Outcome measures included 50th and 
95th percentile first principal stress and strain, 50th and 5th percentile third principal stress 
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and strain, ASCO expansion, PSCO expansion, nerve-ASCO expansion, and nerve-
PSCO expansion. 
 
Figure 37. Changes in area of the ASCO, PSCO, nerve-ASCO, and nerve-PSCO for 
different ONH models and variants. Different ONH models are indicated by color. 
In our previous publication, we presented strain magnitudes and patterns for three 
ONH models (MR05OD, MR04OD, and MR10OS) in which neo-Hookean behavior was 
assumed for the sclera. In the present study, the strain magnitudes of these ONH models 
were lower in all variants (Figure 35). However, as in the previous study, highest strains 
occurred primarily in the inferior nerve, in spite of the different scleral material model used 
here. In addition, this trend was present across all model variants in MR11OS. We 
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hypothesize that this pattern is due to the presence of the blood vessels and the IAC 
directly inferior to the rat optic nerve, creating a weak point in the sclera. This sets the rat 
apart from the human ONH, which experiences strain patterns that are largely 
axisymmetric (Sigal et al., 2009). Interestingly, there are two published patterns of 
glaucomatous damage that involve the superior and inferior regions of the rat nerve. 
Namely, RGC axonal degeneration occurs preferentially in the superior nerve (Morrison 
et al., 2011), while astrocytes (known to be mechanosensitive) are activated and reorient 
their processes in the inferior nerve before those in the superior nerve (Tehrani et al., 
2016). Although it is confusing why RGC axons would preferentially degenerate in the 
superior nerve, Tehrani and colleagues postulated that the inferior astrocytes withdraw 
processes extending into the superior nerve, leaving the superior axons more vulnerable 
to apoptosis. Our data supports this possibility, but further study will have to be carried out 
to determine its validity. 
Comparing the strain magnitudes across model variants emphasizes the importance 
of scleral collagen fiber direction on optic nerve strains. In variants 5-8, the 
circumferentially-aligned fibers resulted in decreased strain in every ONH model and 
resulted in low variability between models. In addition to the high variability seen in variants 
1-4, some interesting patterns involving the relative strains between ONH models 
emerged. Note that strain magnitudes of the OD (right) and OS (left) eyes tended to be 
grouped together in variants 1 and 2. For example, in variant 1, the OS eyes were the four 
eyes with highest third principal strain magnitude and the OD eyes were the three eyes 
with lowest third principal strain magnitude. In addition, from variant 1 to 2, the third 
principal strains in the OS eyes decreased, while the third principal strains in the OD eyes 
increased. These observations indicate that there was interaction between the regional 
fiber alignment (scleral anisotropic properties) and geometry, but perhaps not between 
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scleral stiffness and geometry. In other words, the changes in material properties between 
variants 1 and 2 produced different effects on strain in different ONH geometries, but the 
same effect did not occur between variants 5 and 6, where only scleral stiffness was 
changed. The similar patterns seen in canal and nerve expansion are consistent with this 
point. However, the apparent lack of interaction between geometry and scleral stiffness 
may be due to the fact that scleral stiffness did not actually vary between models as much 
as Figure 34 would initially seem to suggest (see below). 
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Figure 38. First principal 95th percentile strain versus contralateral eye damage for 
model variants 1, 4, 5, and 8. Similar to the situation with all other outcome 
measures and for all model variants, r2 and p values were highly variable. No 
correlations achieved significance. 
This observation also brings to light an important point for future fiber-reinforced 
models of the sclera. In our previous inverse FEM study and in the present study, we 
defined the material axes at each element such that the i vector (along which 𝜃𝑝 = 0°) 
pointed in the counterclockwise direction (when looking at the posterior sclera surface), 
and the j vector (along which 𝜃𝑝 = 90°) pointed at the optic nerve. This convention was 
used for both OD and OS eyes. In the future, it would be better to switch the direction of 
the i component for OS eyes to be clockwise, so that a 𝜃𝑝 angle of 45º or 135° would result 
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in fiber orientations that had the same effect on both OS eyes and OD eyes. In other 
words, this change would result in the i vector always pointing from inferior to temporal, 
temporal to superior, superior to nasal, and nasal to inferior quadrants. 
One might ask why there seemed to be so little change in strain with different fiber 
stiffnesses, and why decreasing the fiber stiffness did not always result in decreased 
strain, as seen when comparing variants 5 and 7 (Figure 35). This is likely due to the way 
in which we calculated strain. Recall that the model was prestressed by raising IOP from 
0 mmHg to 10 mmHg and that all strains were calculated with respect to the resulting 
state. By comparing the curves in Figure 34, one can see that even though there was a 
wide range of stretch values between curves at a given stress, the slopes of the curves 
were fairly similar once a certain stress threshold was reached. For example, at a stress 
of 0.05 MPa, the slopes of the fiber stress-stretch curves for model variants 5-8 were 
approximately 17.4, 12.7, 21.8, and 17.6 MPa, respectively. The stiffness of the fibers in 
each model will depend on their stress level at 10 mmHg and higher, and the overall scleral 
stiffness will also depend on 𝑐1. Therefore, the changes in strain observed between model 
variants are unintuitive, but not unreasonable.
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Figure 39. First (top sub-rows) and third (bottom sub-rows) principal strains for different model variants (columns) of 
MR11_OS. The highest strains are concentrated in the inferior nerve regardless of model variant, although the pattern is less 
pronounced in variants 5-8. Tensile strain is shown in red and compressive strain is shown in blue. The en face view (top), 
superior (S)-inferior (I) cut plane view (middle) and nasal (N)-temporal (T) cut plane view (bottom) are shown. Scale bars 
shown in the far left column are 100 µm. Dashed lines in the en face view indicate S-I and N-T cut planes. Tissue colors are: 
nerve (green), CRV (pink), CRA (red), BM (orange), choroid (yellow), sclera (blue), pia mater (cyan). The undeformed 
configuration is shown in all images to ensure viewing of a consistent cut plane across columns. 
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Finally, there were no significant correlations between any outcome measures and 
contralateral eye optic nerve damage grade. This was disappointing, but not entirely 
unexpected. Although the models incorporate individual-specific geometry, they do not 
incorporate individual-specific material properties, nor do they account for the highly 
variable IOP burden in the ocular hypertensive eye. As discussed above, there was 
obvious interaction between model geometry and material properties, and both are likely 
essential for computing deformation at the accuracy needed to predict damage levels of 
a given eye. Other limitations also prevented our models from computing the true strain 
values experienced by a given eye, and they are discussed below. 
6.5.1  Limitations 
The largest limitations of this study have to do with material properties. Although we 
made significant improvements from our previous rat ONH modeling study by treating the 
sclera as a fiber-reinforced matrix and by incorporating parameter values that were 
derived from experiments on rat sclera, even these improvements had drawbacks. First, 
the material model that we selected is still only an approximation of scleral structure. It is 
likely that the rat sclera contains multiple layers of fibers through its thickness, each with 
unique organization (Gogola et al., 2018). Von Mises distributions cannot always 
accurately describe the fiber directions of multiple fiber layers (Gouget et al., 2012). In 
addition, the organization of fibers changes gradually with distance from the nerve and 
location around the nerve (Girard et al., 2011), as opposed to being organized in 
quadrants. Next, as discussed in detail elsewhere (Schwaner et al., Submitted-a), there 
were limitations with our inverse FEM study that affected the accuracy of retrieved 
parameter values. Unfortunately, we were unable to effectively account for preload which 
likely resulted in an overestimation of scleral stiffness (Grytz & Downs, 2013). Also, as 
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mentioned above, we were concerned about noisiness of the 𝑘𝑓 and 𝜃𝑝 estimates for 
individual regions. 
 
Figure 40. First (middle sub-columns) and third (right sub-columns) principal 
strain in variant 1 of ONH models MR01OS (top left), MR05OD (top right), MR08OD 
(bottom left), and MR09OS (bottom right). The en face (top sub-rows), superior-
inferior (middle sub-rows) cut plane, and nasal-temporal (bottom sub-rows) cut 
plane views are shown. Scale bars are 100 µm. All colors and abbreviations are as 
in Figure 39. The undeformed configuration is shown in all images to ensure 
viewing of consistent cut planes. 
The choice of material properties for all other tissues was an additional limitation. All 
other tissues were modelled as neo-Hookean solids, even though they probably are 
anisotropic. The pia mater in particular is more likely to behave like a transversely isotropic 
solid due to the collagen fibers in its structure. We also do not have experimental 
measurements of the stiffnesses of the other tissues in the rat ONH. These tissues are 
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difficult to access and extremely small, making them difficult to mechanically test. 
However, advances in inverse methods paired with non-invasive imaging may provide 
solutions to this problem in the future (Zhang et al., 2017). 
Constraints should be added to the anterior faces of the CRA and CRV. In most 
models, the CRA (and adjacent CRV wall) “bent” around the scleral sling toward the 
superior CRV wall. In some model variants, this resulted in contact between the inferior 
and superior CRV walls that was likely not physiologic. The bending of the CRV also 
resulted in small areas of high strain in the anterior-inferior nerve (not the main strain 
concentration seen in the superior-inferior cut plane view) that surround the CRA on either 
side that can be seen in the en face view (Figure 35, Figure 36). Constraints to enforce 
more realistic deformation should be added. 
Although the histomorphometric method used to build the rat ONH digital 
reconstructions accurately preserves important anatomic and morphological relationships, 
there is a known issue with shrinkage associated with the embedding and fixation steps 
(Pazos et al., 2015). Unfortunately, the extent of shrinkage is not well characterized and 
may vary from tissue to tissue, so we could not correct for it. 
Finally, the computed results from these models have not been validated. This would 
be extremely difficult and would require highly accurate, non-invasive imaging of the rat 
ONH to be carried out while controlling IOP. It may be possible to do this in the future 
using optical coherence tomography (Fortune et al., 2011). However, complex corrections 
would have to be made for differences in optical properties and sizes between rat eyes in 




We built seven FE models with individual-specific rat ONH geometries to evaluate the 
effects of elevating IOP from 10 mmHg to 30 mmHg on the ONH. Improving on a previous 
study, we modelled the sclera as a fiber-reinforced matrix to account for its nonlinear and 
anisotropic behavior. We solved eight variants of each model by incorporating different 
sets of experimentally-derived scleral material properties for a total of 56 simulations. 
Regardless of scleral property differences, strains were highest in the inferior optic nerve. 
In model variants with highly aligned circumferential fibers in the sclera, optic nerve strains 
were substantially reduced. No significant correlations were found between contralateral 
eye optic nerve damage grade and any of the outcome measures, which included strain, 
stress, scleral canal expansion, and optic nerve expansion. The strain patterns and effects 
of material property changes reported here can be used to inform future modeling studies 
on the rat ONH and interpret results from rat glaucoma studies to better understand how 
biomechanical insult affects RGC pathogenesis in glaucoma. 
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CHAPTER 7. CONCLUSIONS AND FUTURE DIRECTIONS 
Rat models of ocular hypertension have the potential to help researchers make 
concrete connections between degenerative events in glaucoma and specific forms and 
magnitudes of biomechanical insult to the ONH. However, a deep understanding of rat 
ONH biomechanics is necessary in order to utilize rat glaucoma models as tools to 
accomplish this goal. Therefore, the purpose of this thesis was to provide the first 
characterization of rat ONH biomechanics. We defined three specific aims towards this 
objective, and the conclusions, limitations, and future directions for each are described 
below. 
Specific Aim1: Determine the biomechanical properties of the rat sclera using 
inverse finite element modeling 
To provide meaningful information, FE models must be informed by accurate tissue 
mechanical properties. We developed an inverse modeling method, based on previous 
work done on the monkey eye, that combined inverse FE modeling with whole-globe 
inflation testing and DIC to extract material properties from the rat sclera, based on 
experiments we conducted in eight rat eyes. Specifically, the stiffness of the scleral ground 
substance (𝑐1), stiffness of scleral collagen fibers (𝑐3, 𝑐4), regional fiber preferred direction 
(𝜃𝑝), and regional fiber concentration factor (𝑘𝑓) were extracted. The inverse models were 
unable to recreate highly localized patterns of measured scleral deformation but matched 
general patterns well. Although, the regional 𝜃𝑝 and 𝑘𝑓 values were highly variable, 𝑐1 and 
𝑐4 values were relatively consistent between eyes, and 𝑐3 values congregated into two 
groups that differed by an order of magnitude. Further, on average, fibers were more highly 
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aligned (higher 𝑘𝑓) in the peripapillary sclera than in the peripheral sclera, and fibers were 
aligned circumferentially, on average, throughout the sclera. 
The inverse method appeared to perform well in obtaining overall stiffness properties 
of the sclera, but likely failed to retrieve the true fiber directions and concentration factors 
from individual scleral regions. The possible reasons for this limitation could include local 
artifacts in the digital image correlation data, errors associated with the locations of scleral 
thickness measurements, defining scleral regions in the model that were too large, 
defining an improper boundary for the peripapillary sclera (i.e. one that did not align with 
the transition in collagen organization between peripapillary and peripheral sclera), and/or 
using an oversimplified material model for the sclera. Because this list is long and varied, 
we suggest that future inverse studies must include experimentally determined fiber 
organization data. Fiber crimp data should also be gathered, if possible. In theory, 
experimental measurements of fiber crimp should correlate with sclera 𝑐4. Therefore, this 
data could be used to help validate the fiber-reinforced model used in this thesis, or it 
could be used to generate 𝑐4 input values.  
It is also worth noting that we failed to adjust the material axes specified in the sclera 
models when switching between OD (right) and OS (left) eyes. This was of no 
consequence in Aim 1 because the fiber directions were so variable, and this oversight 
was obviously not the source of this variation, as evident from heat maps showing how 
many degrees each fiber direction was from 0°. However, this is not always explicitly 
mentioned in other studies that performed inverse FE modeling on eyes, and thus we think 
it is important to call attention to it. 
Two other limitations that must be addressed are the errors associated with 
thickness measurement locations obtained via OCT and the suboptimal handling of 
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prestress. The OCT error could be resolved by performing corrections on in vivo OCT 
scans, using a telecentric OCT lens, or by using a different imaging method. Correcting 
the OCT data is not advised as it is difficult to do and would require researchers to collect 
additional data in order to perform the correction. Using a telecentric OCT lens would be 
a better solution if the scans could be effectively interpreted. We were unable to distinguish 
between the sclera and other tissue layers in the posterior eye when using the telecentric 
lens. However, if possible, the best solution would be to acquire scleral thickness from the 
same data set used to measure fiber organization.  
Regarding the handling of prestress, we were forced to use the relative pressure 
approach as opposed to the relative displacement approach to account for preload due to 
the way in which we applied boundary conditions to the models. As a result, we likely 
overestimated scleral stiffness values. The DIC system was unable to provide information 
describing the geometry of the posterior eye near where it was fixed in place by glue, so 
we prescribed displacement boundary conditions within the confines of the DIC facet map. 
The location of this fixed region of the sclera could potentially be determined using a 
telecentric OCT scan or a 3D digitizer, allowing fixed boundary conditions to be applied. 
Regardless of how it is accomplished, future studies using this method must include a 
better accounting for preload. 
Incorporating these changes into a new inverse FE modeling study would provide a 
significant improvement from the data presented here. Hopefully, the changes would lead 
to shorter computational time, lower error, and lower variability in the extracted fiber 
organization properties. The improved data set would be invaluable for future 
parameterized or individual-specific modeling studies on the rat ONH. Nonetheless, the 
data we have provided here is an improvement over what was previously available and is 
useful, with several caveats, for future modeling studies.  
 176 
Specific Aim 2: Determine the factors that most influence rat optic nerve head 
biomechanics in a sensitivity analysis using a parameterized finite element model 
Parameterized models can be powerful tools for characterizing a biomechanical 
system because they allow one to effectively sample a parameter space that includes both 
geometry and material properties. We developed a parameterized model of the rat ONH 
and used it to investigate the sensitivity of optic nerve strains to six geometric parameters 
and 14 material parameters. Magnitudes and patterns of strain corresponded well with 
individual-specific models from Aim 3, indicating that our parameterized model effectively 
approximated individual-specific geometry After optic nerve stiffness and IOP, scleral 
thickness, sclera 𝑘𝑓, sclera 𝑐1, and sclera 𝑐4 were the most influential parameters, which 
was consistent with the points made above for Aim 1. Namely, the most important next 
step in characterizing rat ONH biomechanics is to quantify fiber organization and to 
perform additional scleral stiffness characterization with the changes suggested above. In 
addition, PNVP stiffness, BM stiffness, and IAC stiffness were all ranked low in influence 
(17th, 18th, and 19th), and thus are relatively unimportant in understanding ONH 
biomechanics; this is a welcome result, since quantifying the stiffness of these tissues 
would be extremely difficult. 
We suggest several specific improvements that should be made to the 
parameterized model for future work. As indicated by the results of the sensitivity study, 
the most important is to include more realistic scleral thickness distributions. Specifically, 
scleral thickness should change with distance from the optic nerve, rather than assuming 
a constant value over the entire posterior eye. The same improvement should be made to 
choroidal thickness. 
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Pia mater stiffness was ranked relatively high (seventh out of 20) in parameter 
influence. Therefore, its material model should be changed from an isotropic neo-Hookean 
solid to a fiber-reinforced matrix. The current representation likely overestimates its 
compressive stiffness, which could have implications for the strain patterns observed in 
the optic nerve. Note that the thickest part of the pia mater occurs between the nerve and 
CRV, directly adjacent to where the high strains in the inferior nerve are observed in our 
models. As with the sclera, this change would require quantification of pia mater fiber 
organization and stiffness parameters. The organization could presumably be determined 
at the same time scleral fibers are evaluated, but the matrix and fiber stiffness would be 
more difficult to assess. As a start, the pia mater could be given similar stiffness properties 
to those of the sclera, which would, in our opinion, be an improvement over its current 
representation as an isotropic solid. 
Other improvements should also be made. As in the individual-specific models, 
constraints should be added to the anterior vessel surfaces to prevent the unrealistic 
deformation that they experienced in this study. In addition, a method for quantifying 
regional strains in the optic nerve should be developed. Further, we did not investigate 
interaction effects between parameters, but this would be a useful information to gather in 
future work. Lastly, a longer list of parameters that include items such as SCO horizontal 
radius, optic nerve cross-sectional area, blood pressure, and CRA and CRV stiffness 
could be considered for future sensitivity studies. 
A particularly important limitation is the fact that the results of the parameterized 
model have not been validated. This would be extremely difficult, and it may require 
advances in non-invasive imaging technology before it is feasible. In addition, model 
predictions are unlikely to have high agreement with experimental data without improved 
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fiber organization data. Therefore, priority in the meantime should be given to making the 
other improvements suggested above. 
The most exciting possibility of future work arising from this method is its potential to 
replace the need for modeling individual-specific geometries using the method in Aim 3. 
Instead, near-individual-specific geometries using the parameterized model would be 
used. By this, we mean that each model would be informed by measurements from a given 
eye, but slight inaccuracies would be introduced into the geometry due to the 
approximations (idealized geometry) necessary for automated model building. Since 
automated geometry building and meshing reduce the model building time from 
approximately one week (by an expert) to about three minutes (by a non-expert), near-
individual specific models would be feasible to build for every single eye included in a rat 
glaucoma study. However, a solution for obtaining material properties from each eye 
would need to be developed. Even so, the investigational power afforded by building 
computational models for comparison with every eye in a rat glaucoma study more than 
justifies continued work on this approach. Specifically, the improvements suggested above 
should be incorporated, and effort should be made to further validate the parameterized 
model’s ability to predict the same strain patterns and magnitudes seen in models with 
individual-specific geometry. 
Specific Aim 3: Determine strain patterns in rat ONHs under elevated IOP using 
individual-specific finite element modeling 
In order to learn more about how biomechanics leads to RGC death in glaucoma 
using the rat model, detailed characterization of strain patterns within the rat ONH is 
required. Therefore, we developed a methodology for building rat ONH models with 
individual-specific geometries. In Chapter 3, we presented this method and the initial 
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results from three models that incorporated material property values similar to those used 
in previous human modeling studies. Strain magnitudes in the optic nerve were lower than 
those seen in the human ONH and strain patterns were not axisymmetric. Specifically, the 
region of highest strain occurred in the inferior nerve. This is particularly interesting when 
considering data from recent studies on the behavior of astrocytes in a rat model of ocular 
hypertension. They showed that astrocytes in the inferior optic nerve activate and reorient 
their processes before those in the superior nerve after the eye is exposed to acute IOP 
elevation. 
In Chapter 6, we built an additional four models and changed the sclera material 
model from being a neo-Hookean solid to an isotropic matrix reinforced by collagen fibers. 
Informed by data from Aim 1, we developed eight sets of material parameters for the sclera 
and incorporated them into model geometries to solve eight variants of each model. We 
found that changes in scleral material properties resulted in larger strain magnitude 
variations than did different model geometries. Setting all scleral collagen fibers to be 
circumferentially oriented resulted in lower optic nerve strain magnitudes and lower 
variation between geometries, suggesting that interactions between geometry and fiber 
organization occurred when both were varied at the same time. Although less pronounced 
when fibers were circumferential, the highest strains occurred in the inferior optic nerve 
across all model geometries and variants. We also noticed that OD versus OS eyes 
reacted to changes in fiber organization differently, making it clear that care should be 
taken to adjust material axes when switching between OD and OS eyes. No correlations 
were found between contralateral eye damage grade and any outcome measure, including 
first and third principal strains, first and third principal stresses, ASCO and PSCO 
expansions, and nerve-ASCO and nerve-PSCO expansions. This last result was not 
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surprising, since we did not incorporate individual-specific material properties into the 
ONH models. 
The results from Aim 3 reinforce the need for accurate and precise fiber organization 
information for the rat sclera. The greatest changes in model strains were seen when fiber 
organization was changed, not when scleral stiffness was changed. Other potential model 
improvements include, as for the parameterized models, the following: the pia mater 
should be modelled as a fiber-reinforced matrix; constraints should be added to the 
anterior vessel surfaces; the material model for the choroid should be improved, if 
possible; and a method should be developed to quantify regional strains in the optic nerve. 
As with the parameterized models, the lack of validation for the individual-specific models 
is a large limitation, and needs to be addressed when possible, in the future. 
The low variability in strain between model geometries with circumferential fibers is 
encouraging, and it adds support to the idea that parameterized models may be sufficient 
to capture individual-to-individual variation in strains brought on by anatomical differences. 
In the future, after the suggested improvements are made, a head-to-head comparison 
between individual-specific models and parameterized model iterations informed by 
measurements made from the individual-specific geometries should be made. Comparing 
quantitative regional strain magnitudes will confirm whether the parameterized model is 
sufficient or if more refinements need to be made. 
7.1 Final Thoughts 
This dissertation provides the first characterization of rat ONH biomechanics to the 
glaucoma field. We have extracted scleral material properties using inverse modeling, 
identified important parameters to rat ONH biomechanics using a sensitivity study, and 
identified initial patterns and magnitudes of strain in the rat optic nerve using individual-
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specific FE modeling. We do not claim that the models presented here were able to 
calculate the exact strain patterns and magnitudes experienced by the ONHs that we 
modelled, but we do feel that they describe overall biomechanical patterns in the rat ONH. 
Further, the sum of this work forms the basis for future modeling and experimental studies 
in glaucoma biomechanics utilizing the rat model. If the suggestions that we made above 
are implemented, it could be feasible to perform powerful mechanistic studies of glaucoma 
pathogenesis in rats, in which an FE model of each rat eye is built to directly compare 
patterns of stress and strain with patterns of damage and cellular behavior. Such a study 
could be an important development, allowing glaucoma researchers to identify which 
events in the glaucomatous process occur as a direct result of specific modes and 
magnitudes of stress or strain. Thus, the glaucoma field may finally understand the link 




APPENDIX A. RELATIONSHIP BETWEEN FIBER 
CONCENTRATION FACTOR (kf) AND DEGREE OF 
ALIGNMENT 
 We wished to compare our extracted 𝑘𝑓 values with the experimental data on 
degree of fiber alignment (𝐷𝐴) reported by Girard et al. (2011) in the rat sclera, for which 
it was necessary to relate 𝑘𝑓 and 𝐷𝐴. The 𝐷𝐴 parameter reported by Girard et al. (2011) 
is defined by (note typographic error in that publication) 
 





















= 1 (13) 
In other words, half of all fiber directions lie within – 𝑂𝐼 to +𝑂𝐼 about a preferred 
direction, 𝜃𝑝. For 𝐷𝐴, a value of 0 means that fiber direction is isotropic within a plane, and 
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exp[𝑘𝑓 cos 2(𝜃 − 𝜃𝑝)] (14) 
where 𝐼0 is the modified Bessel function of the first kind of order zero and 𝑘𝑓 is the fiber 
concentration factor. By substituting Equation 14 into Equation 12, and substituting 𝜑 =
𝜃𝑝 − 𝜃, we obtain 
 −1
𝜋𝐼0(𝑘𝑓)







which can be rearranged to obtain an implicit relationship between 𝑘𝑓 and 𝑂𝐼 
 







Although obtaining an analytical solution to equation (15) is difficult, one can iteratively 
find the value of 𝑂𝐼 that satisfies Equation 16 for a given 𝑘𝑓 by plugging a value for 𝑘𝑓 into 
the term on the right and numerically evaluating the integral on the left with different values 
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